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Abstract
A comparative study of the sorption behavior of europium, a chemical analogue of trivalent actinides, and uranium was 
performed on hydrated cement paste (HCP) CEM I and calcium-silicate-hydrates (CSH) phase. Kinetic experiments proved 
that Eu sorption is faster than that of U depending on the phase ratio L/S and the sorption material, whereas EDTA has no 
significant effect. Same conclusions can be made for equilibrium experiments with HCP and U while with Eu EDTA clearly 
influenced the distribution ratio Rd with sorption reduction factor (SRF) below 0.5. Uranium sorption on CSH compared to 
HCP is higher with SRF above 1.2.
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Introduction

The cementitious materials are widely use in the storage of 
radioactive waste, mainly of low level waste-intermediate 
level waste (LLW-ILW). In the Czech Republic, steel bar-
rel of solidified waste is placed in a larger barrel, the space 
between them is filled with concrete and concrete is also 
used for pouring the chambers (cements of type CEM II, 
CEM I and CEM III are used sequentially). Expectedly, 
the cementitious material forms also structural support of 
repositories. Similarly, in the planned deep geological repos-
itory (following Swedish concept), cementitious materials 
will generally be part of construction elements and also of 
engineering barriers at least for decommissioning wastes 
(backfilling, waste treatment or part of storage containers).

The contact of cement and radionuclides leading to influ-
encing their migration in both types of repositories will 
occur after possible damage of the packaging [1, 2] unless 
the cement materials directly serve as solidifying medium 
already. After their release, radionuclides will interact with 
engineering barrier materials in various processes, includ-
ing sorption and diffusion. The uptake rate depends on the 

properties of the radionuclides (cation × anion, charge size), 
the type of material (cement × bentonite), the conditions 
(temperature, pH, etc.) and can also be affected by organic 
substances present in radioactive waste [3–5], e.g. gloves, 
cables, ion exchange resins, detergents, including EDTA 
as the most abundant and one of the strongest complexing 
decontamination agents [6].

Another important parameter influencing the sorption 
behavior of cement materials is their aging. In Stage III of 
HCP aging where it is most likely the time concurrence with 
the possible release of radionuclides to occur, phase CSH 
considered a main sorption material for (mainly) cations 
uptake is the main component [7].

For sorption behavior quantification, a distribution ratio, 
Rd, is commonly used, that describes the distribution of the 
radionuclide between the liquid and solid phases whereas 
does not provide any information on the mechanism of radi-
onuclide uptake [8].

The uptake of europium on cements is not very thor-
oughly described yet, but according to the comparisons in 
[9–11] it generally reaches distribution ratio in the order 
of  105–106 L  kg−1. For the pure CSH phase with different 
Ca/Si ratios, the determined Rd values were higher than 
 104–105 L  kg−1 [12]. Due to the mechanism of sorption of 
europium on cements, the values of sorption on HCP and 
CSH phase are expected to be similar [13], which is con-
firmed by the results so far.
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Sorption of U on cementitious materials of various types 
has been described in several studies (e.g. [14–16]), how-
ever the mechanism of U(VI) uptake by HCP is still poorly 
understood at the atomic level. Under different conditions, 
Rd values are in the order of  103 L  kg−1. Rd’s with order 
of magnitude higher  (104–105 L  kg−1) are obtained when 
sorbed onto degraded cements (degradation reduces the Ca/
Si ratio in CSH) and pure CSH [17].

The importance of organic matter on sorption behavior is 
quantified by SRF (sorption reduction factor) that can reach 
for trivalent lanthanoids (i.e., Eu) and hexavalent actinides 
(i.e., U) values about 1–10 as reported when exceeding the 
NEC (No Effect Concentration, i.e., the highest concentra-
tion of an organics that does not cause any effect on sorption, 
the value of NEC tends to be about  10−2–10−4 mol  L−1). 
Moreover, the increse of SRF with increasing organics con-
centration occurs [18, 19].

The aims of this study were: (1) to compare the sorp-
tion of Eu and U on cementitious material (for this purpose 
hydrated cement paste of CEM I type (i.e., Ordinary Port-
land Cement) was chosen as the most homogeneous cemen-
titious material); (2) to study the dependence of equilibrium 
values of distribution coefficient Rd on the EDTA concentra-
tion; (3) to describe the difficulties, especially for europium, 
with wall sorption; (4) to compare sorption of U on com-
mercial cement and synthetic phase CSH.

Experimental

Materials and radionuclides

A comparative study of Eu and U sorption was performed 
on HCP CEM I prepared from Portland cement (CEM I 42.5 
R). The HCP was crushed and sieved to a fraction < 0.4 mm. 
The second material used was CSH with a Ca/Si ratio of 1.0 
prepared following the procedure of [20] as described in 
detail in [21].

The isotopes of interest (occurring in radioactive waste, 
i.e., 152Eu (γ, 13.5 y), 233U (α, 1.6·105 y) and 238U (α, 4.5·109 
y) were studied to compare their sorption on HCP CEM 
I (pH 12.5) and CSH (pH 10.7). Specifically,  EuCl3 and 
 UO2(NO3)2 ·  6H2O were used for the experiments as initial 
compounds.

Experimental method

The sorption of Eu and U was evaluated using batch type 
experiments carried out in plastic ampoules (PP), in the case 
of U-CSH system under inert gas atmosphere in a glove-box 
 (N2, < 50 ppm  CO2), as CSH is more sensitive to atmos-
pheric  CO2. After the required reaction time and centrifu-
gation (RCF 900 g for HCP and 2500 g for CSH, 10 min), 

samples of the liquid phase were analyzed for the remain-
ing radionuclide activity in solution. The influence of addi-
tion of organic compound  Na2EDTA (Ethylene-diamine-
tetra-acetic acid disodium salt dihydrate,  C10H14N2Na2O8 
·  2H2O, hereinafter referred to as EDTA) of two concentra-
tions: 5·10−5 mol  L−1 (referred to as lower conc. EDTA) 
and 5·10−3 mol  L−1 (referred to as higher conc. EDTA) was 
investigated. These concentrations were chosen based on the 
expected  NEC [22] as one working concentration is below 
this limit and the other exceeds it.

The required equilibration times were determined 
in a set of kinetic experiments. Experiments of 152Eu 
(cinit = 2.9·10−9  mol   L−1) uptake were performed with 
HCP CEM I in the porlandite water (saturated solution of 
Ca(OH)2, 0.02 mol  L−1, pH = 12.4–12.6) at liquid to solid 
(L/S) ratios of 100 L  kg−1 and 500 L  kg−1 (6 mL of the 
liquid phase) in the presence/absence of EDTA with the 
duration of 96 h. After the given time, the ampoules were 
centrifuged, and activities of supernatant (2 mL) were meas-
ured on HPGe detector system (type GEM40P4 with Ortec 
DSPEC jr 2.0, Maestro software version 7.0). The kinetic 
experiments set the duration of 48 h to be appropriate to 
achieve equilibrium state. Thus, the equilibrium experi-
ments with Eu were performed for 48 h, in the L/S range 
100–800 L  kg−1 with/without EDTA of both concentrations.

Experiments with uranium 233U were carried out sim-
ilarly to those with Eu. First, the initial concentration of 
U 7·10−8 mol  L−1 was chosen with respect to its limited 
solubility in strongly alkaline media [23], and than kinetic 
experiments were performed with HCP CEM I (in saturated 
Ca(OH)2, 6 mL) and CSH 1.0 (in the saturated CSH 1.0 solu-
tion, 4 mL, pH 10.7) with the phase ratio L/S of 800 L  kg−1 
in the presence/absence of the lower conc. EDTA. Based on 
the obtained kinetic curves, the duration of the equilibrium 
experiments was determined to be 3 weeks. Furthermore, 
a higher initial concentration of uranium (1·10−5 mol  L−1 
with 238U as a carrier) was also used for the experiment 
with CSH 1.0 with/without EDTA at both concentrations. 
After the centrifugation of the samples, activities of 200 μL 
samples were measured in the 5 mL of scintilation coctail 
Ultima Gold AB on the LSC counter (HIDEX 300 SL with 
MicroWin software) for the period of 12 h.

Moreover, the sorption on the walls of the experimental 
ampoules was thoroughly determined for both studied ele-
ments, especially for europium for L/S 100–800 L  kg−1 in 
two parallel ampoules in the same way as in the equilibrium 
sorption experiments except for sampling. After a set time 
as much liquid over the cement as possible was removed and 
the rest was allowed to air dry for 3 days. The cement was 
then moved into the measuring vial and the experimental 
ampoule was wiped with the dry tampon (subsequently also 
measured). Desorption solution (1 mol  L−1 HCl, 4.5 mL) 
was added to the ampoule and shaked (120 rpm) for 2 days. 
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After that the empty ampoules and desorption solutions were 
measured separately. Sorption to the walls was taken into 
account in the Rd evaluation.

Evaluation of sorption data

The uptake of the radionuclides by cementitious material is 
characterized here in terms of the distribution coefficient Rd 
according to Eq. (1)

where Ainit is the initial activity concentration of the radio-
nuclide in solution, and At corresponds to the activity con-
centration at time t, respectively, both in the unit of activity 
(CPM), V (L) is the volume of the liquid phase, and m (kg) 
the mass of solid phase used in the experiment. In the lit-
erature most often the term Kd is used (same relationship), 
but this term entails that the sorption on the solid has lin-
ear dependency on the concentration in the solution and is 
reversible [8].

The distribution coefficient can be determined by evaluat-
ing the shape of the sorption isotherm. For linear isotherm 
the linear Kd-model is used according to the Eq. (2):

where q (mol  kg−1) is the equilibrium concentration in the 
solid phase, c (mol  L−1) is equilibrium concentration in the 
liquid phase and Kd (L  kg−1) is the distribution coefficient, 
dimensionally identical to the distribution ratio Rd.

The uptake of radionuclides in the presence of organics 
is usually expected to decrease due to the complexation of 
the radionuclide with the organic ligand as described by the 
sorption reduction factor SRF (distribution coefficient in the 
system without organics divided by distribution coefficient 
with organics, defined for a given system and conditions).

Results and discussion

Sorption on the reaction ampoules

In the wall sorption control experiments (experiments only 
with the liquid phase in the ampoule), a high sorption of 
152Eu on the ampoule walls was observed. Based on this, a 
special set of experiments was performed, where the individ-
ual parts of the system were measured separately (Table 1), 
and it was found that the sorption to the walls increases with 
increasing L/S. One possible explanation is the binding and 
interaction of 152Eu with the ampule material. Another 
option is the formation of colloids with 152Eu, which during 

(1)Rd =

Ainit − At

At

⋅

V

m
,

(2)q = Kd ⋅ c,

centrifugation reach the walls of the ampoule where they 
remain until desorption [15]. All listed below europium 
sorption results take wall sorption into account.

Experiments with uranium are also affected by the sorp-
tion on the walls of experimental ampoules. Specifically, 
the sorption of uranium on the walls of the ampoules in 
the CSH system was determined to reach 5.4%, indepen-
dently of the U or EDTA concentration. The sorption on the 
walls in the system with U-HCP without organics reached 
36 ± 12%, that is significantly higher than expected and with-
out a comparable trend as in the case of Eu. The result can 
be affected by the precipitation of carbonates coming from 
 CO2 in the air, as the experiment with HCP was not hold in 
inert atmosphere.

From the results so far, it is clear that sorption on the 
walls of the reaction ampoules is a significant problem for 
the system containing Eu and in the system with U-HCP, 
while for the system U-CSH 1.0 probably due to work in 
protective atmosphere this phenomenon can be neglected.

Kinetic experiments

Regarding the kinetics of 152Eu sorption on HCP CEM I, 
no significant effect of the addition of EDTA (in both con-
centration) on the time required to reach equilibrium was 
observed (Fig. 1 left). For all experiments equilibrium was 
reached within 24 h. The results show that at the lower phase 
ratio (100 L  kg−1) equilibrium occurs significantly faster.

Kinetic experiments with 233U on HCP CEM I and CSH 
1.0 showed influence of lower conc. EDTA that slightly 
slows down the kinetics (Fig. 1 right). However, equilibrium 
is reached for both arrangements (with/without EDTA) at the 
same time, earlier in the CSH system. In the given concen-
tration range, the determination of uranium is more problem-
atic (mainly with regard to the alkalinity of the solution) and 
burdened with a relatively large error. In this experiment, 
the detection limit of the method used was verified and it 
was found that the uptake of 233U at a given concentration 
is measurable, but in CSH system the concentration in the 
liquid phase after the end of the experiment is close to the 
detection limit (Fig. 1 right). A power trendlines are added 

Table 1  Determined amount of 152Eu present in individual parts of 
the experimental system

The error of determination of the sorption value in the liquid is 0.5%, 
on CEM I 3.6% and on the walls of the ampoules 3.6%

L/S (L  kg−1) HCP CEM I (%) Liquid 
phase (%)

Ampoules (%)

100 92.4 1.1 6.5
250 70.7 1.6 27.7
500 52.9 2.8 44.3
800 43.5 2.7 53.8
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for improving clarity. The average determination uncertainty 
for U-HCP is 13%, for U-CSH 12%, and for Eu-HCP 18% 
(also applies to equilibrium experiments).

Equilibrium experiments with HCP CEM I

In all performed europium sorption experiments on HCP 
CEM I, the distribution ratios were in the tens of thousands 
(L  kg−1) (Table 2) which is slightly less than the values 
reported in the literature [9–11]. Different observed results 
may be caused due to the different L/S applied (in the lit-
erature ranging from 4000 to 100,000 L  kg−1) and other 
input conditions such as europium concentration. Equi-
librium experiments clearly showed the effect of the pres-
ence of EDTA of both concentrations on the Rd value, as 
the obtained SRF are less than 0.5 (Table 2). For all stud-
ied systems with Eu, the dependence of Rd on L/S was not 
observed, therefore these equilibrium experiments were 
evaluated using the Kd-model (Fig. 2). The determined val-
ues of Kd are in good agreement with the average Rd values 
(Table 2) especially for the system without organics and with 
higher conc. EDTA.

Regarding 233U sorption on HCP CEM I, the Rd values 
(mostly in the order of  103 L  kg−1 (Table 2)) are in good 
agreement with the published data [5, 15, 16]. The presence 
of low conc. EDTA does not affect the system behavior, as 
the distribution ratios are comparable and the obtained SRF 

is close to 1 (Table 2), which confirms the expectation that 
the concentration of EDTA (5·10−5 mol  L−1) is under the 
NEC. The dependence of Rd on L/S shows the increase of Rd 
with a higher phase ratio. By changing L/S, the equilibrium 
composition of the liquid phase changes. At high solid phase 
content (low L/S ratio) there is a little specific uptake, which 
could be explained by the high concentration of competing 
cations that enter the liquid phase by dissolution (Table 2).

The obtained distribution ratios are approximately an 
order of magnitude lower for 233U than for 152Eu. Compar-
ing the sorption behavior of Eu and U on HCP CEM I, it is 
clear that Rd of europium does not depend on L/S (i.e., linear 
isotherm) while U exhibits a nonlinear shape of isotherms. It 

Fig. 1  Kinetics of 152Eu sorption on HCP CEM I with L/S ratios 100 
and 500 L  kg−1 without EDTA and in the presence of EDTA (5·10−5 
and 5·10−3  mol   L−1)—left; kinetics of 233U sorption on HCP CEM 

I and CSH 1.0 in the presence/absence of EDTA (5·10−5 mol  L−1)—
right. (Color figure online)

Table 2  Average values 
of distribution ratios Rd, 
distribution coefficients Kd 
(determined using Kd-model) 
and sorption reduction factor 
values (SRF) for 152Eu and 233U 
sorption on HCP CEM I in 
presence of EDTA

*Range of Rd for non-linear dependencies of Rd on L/S

System Average Rd (L  kg−1) Kd (L  kg−1) SRF

152Eu (11.9 ± 2.2)·103 (9.8 ± 0.7)·103 ×
152Eu EDTA 5·10−5 mol  L−1 (31.9 ± 6.0)·103 (16.0 ± 2.9)·103 0.37 ± 0.10
152Eu EDTA 5·10−3 mol  L−1 (25.7 ± 4.8)·103 (26.0 ± 2.9)·103 0.47 ± 0.12
233U (2.7–12.5)·103* × ×
233U EDTA 5·10−5 mol  L−1 (2.0–12.9)·103* × 1.05 ± 0.40

Fig. 2  Linear sorption of 152Eu on HCP CEM I under different condi-
tions fitted with Kd-model. (Color figure online)
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can be caused by the inhomogeneity of the cement material, 
which may be different for different L/S ratio, in particular 
a compound which is rather inert for sorption of U may be 
present in the sample while it may behave as a sorbent for Eu 
due to its affinity for many materials. Another possible cause 
is the stability of the CSH phase due to its equilibrium with 
the aqueous phase and, conversely, HCP may be partially 
dissolved in an aqueous environment, with which it is not 
in equilibrium.

In the Eu system with a higher conc. EDTA, the depend-
ence of Rd on L/S is observed, so EDTA was evidently above 
the NEC it this case. For europium there was a significant 
increase in sorption by adding organic compound (Table 2) 
as EDTA in a concentration comparable with the dominant 
Ca probably changes the speciation of Eu (and Ca) in the 
system. The uranium system with lower conc. EDTA did not 
show a significant change in Rd in the presence of organic 
matter as SRF is approaching 1.

Equilibrium experiments with CSH 1.0

The CSH experiments were carried out, but the sorption of 
152Eu on the walls of the reaction ampoules is even higher 
in the CSH system (almost 100%) than in the HCP CEM I 
system and evaluation was not possible due to measurement 
under the detection limit.

The obtained Rd values for the system 223U 
(c = 7·10−8  mol   L−1) on CSH 1.0 are in the order of 
 104 L  kg−1 (Table 3) as expected (c.f. [24, 25]), they do not 
show a dependence on the phase ratio and therefore they can 
be evaluated using the Kd-model. In contrast with the uptake 
of 233U on HCP CEM I, the sorption on CSH 1.0 is linear, 
which is probably related to its homogeneity and stability.

The results obtained from the Kd-model are in accord-
ance, within the uncertainty, with the determined average 
Rd (Table 3). The Rd of the system with presence/absence 
of the EDTA differs, but it can be considered as comparable 

due to the growing uncertainty when approaching the detec-
tion limit and the value of SRF about 1.2 is close to 1 - the 
system is almost unaffected by the presence of EDTA of 
lower conc. (Table 3).

In supplementary experiments with higher uranium con-
centration (233U + 238U, 1·10−5 mol  L−1) made possible by 
the higher solubility of uranium in a system with a pH of 
10.7 uptake increased, which for the system without organic 
and with lower conc. EDTA led to exceeding the detection 
limit, so it was not possible to determine Rd’s and SRF. How-
ever, the experiment with EDTA at higher conc. showed, 
that in this case the sorption is reduced with the SRF to be 
1.7 or higher. The obtained Rd values increase with higher 
L/S. Due to the considerable unreliability of the values near 
to the detection limit, these were not used to determine the 
shape of the isotherm.

Conclusions

Exper imental  s tudies  of  the  kinet ics  of  Eu 
(cinit = 2.9·10−9 mol  L−1) and U (cinit = 7·10−8 mol  L−1 for 
233U and 1·10−5 mol  L−1 233U with 238U as a carrier) uptake 
on cementitious materials showed a significantly faster 
uptake of Eu. For the uranium the significant difference was 
evident between the time required to establish equilibrium 
in the system with HCP CEM I and CSH 1.0, as the sys-
tem containing pure cementitious phase reached equilib-
rium approximately three times faster. Presence of EDTA 
(5·10−5 mol  L−1 and 5·10−3 mol  L−1) did not significantly 
affect the sorption rate of both studied radionuclides in all 
studied arrangements.

For the system with HCP without addition of the 
EDTA, observed values of the distribution ratios for U 
were in the range (2.7–12.5)·103 L   kg−1 due to nonlin-
ear behavior while for Eu linear sorption occurred with 
Rd = (11.9 ± 2.2)·103 L  kg−1.

The presence of EDTA in the U-HCP system had no sig-
nificant effect on sorption. In contrast to uranium experi-
ments, a significant increase in Rd values was observed for 
europium sorption in the presence of organic matter (the 
highest determined Rd = (31.9 ± 6.0)·103 L  kg−1 was found 
for a lower concentration (5·10−5 mol  L−1) of EDTA.

Sorption experiments with a CSH phase and cementitious 
material HCP CEM I within several conditions confirmed 
the dominant role of CSH for sorption of U. With increasing 
concentration of U sorption on CSH increased. The effect 
of EDTA was more pronounced for sorption on CSH with 
SRF higher than 1.2.

Europium wall sorption increased significantly with 
increasing L/S. Based on the results of a separate set of 
experiments, the effect of Eu sorption on the walls of the 
reaction ampoules was corrected depending on L/S. On 

Table 3  Average values of distribution ratios Rd, distribution coeffi-
cients Kd (determined using Kd-model) and sorption reduction factor 
values (SRF) for U in system with EDTA and CSH 1.0

*Range of Rd for non-linear dependencies of Rd on L/S

System Average Rd (L 
 kg−1)

Kd (L  kg−1) SRF

233U 
(7·10−8 mol  L−1)

(85.8 ± 23.2)·103 (83.9 ± 7.6)·103 ×

233U 
(7·10−8 mol  L−1)

EDTA 
5·10−5 mol  L−1

(72.4 ± 19.6)·103 (59.1 ± 3.4)·103 1.2 ± 0.3

U (1·10−5 mol  L−1)
EDTA 

5·10−3 mol  L−1

(13.9–128.6)·103* ×  ≥ 1.7 
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contrary, uranium wall sorption was found to be independent 
on the phase ratio and this effect was corrected appropriately.
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