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A B S T R A C T   

A comparative study of the sorption behaviour of radium and strontium was performed on various cementitious 
materials including crushed hardened cement pastes (HCP) and concretes as well as a synthesised calcium silicate 
hydrate (CSH) phase. 

Rd values obtained for the Ra and Sr uptake on commercial cement materials were in the range of 
50–380 L kg− 1 and 10–30 L kg− 1, respectively. No significant difference between the distribution ratios of the 
isotopes 226Ra and 223Ra was observed in the studied liquid to solid (L/S) ratio range, although different iso
therms were determined. The Rd values for Ra were found to increase with increasing L/S ratio. The cause of this 
effect is obviously the non-linearity of the sorption isotherm, here of the convex type. In contrast, Sr uptake 
seemed to be largely unaffected by variation of L/S ratios; this indicates an isotherm of almost linear type. 
Sorption experiments with the CSH phase confirmed the distinctive differences in the sorption behaviour be
tween Ra and Sr as expected, with Rd values significantly higher for Ra. Similarly, the difference between real 
cementitious materials and the pure CSH phase was confirmed, indicating that the sorption of alkaline earth 
elements is mainly due to uptake by CSH. 

The kinetics of Ra and Sr uptake on cementitious materials were evaluated by a set of models describing the 
sorption in heterogeneous systems based on different rate-controlling processes. The FD (film diffusion) model in 
the case of Ra, and the ID (diffusion in inert layer) model in the case of Sr provided the best fits. 

The influence of temperature on the kinetics of radium sorption was studied, suggesting change in the shape of 
isotherm with increasing temperature. Evaluation of sorption kinetic data yielded values of the apparent acti
vation energy of the uptake process. 

Complementary through diffusion experiments using compacted crushed HCP confirmed and extended the 
findings obtained by evaluation of the batch sorption experiments performed with Ra and Sr.   

1. Introduction 

Cementitious materials are planned to be used as a structural support 
in deep geological repositories for radioactive waste, and, depending on 
the repository concept, for backfilling and/or waste conditioning or as a 
component in waste containers (Jantzen et al., 2010; Lagerblad, 2001). 
According to the Swedish repository safety case (SKB, 2011) and with 
respect to the direct disposal of spent nuclear fuels, 226Ra can be a one of 
the most important contributors to dose in the long term (i.e. after more 
than 100,000 years) due to the large amount of uranium present within 

the waste inventories, as 226Ra is a long-lived radionuclide originating 
from the decay of 238U. 

In addition, a significant part of low and intermediate level radio
active waste containing radium is stored in the Czech Republic in the 
Bratrství repository that will be sealed in the near future. As barriers in 
this repository are based on cementitious materials and 226Ra is one of 
the main contaminants of interest, SURAO (the Czech Radioactive Waste 
Repository Authority) has decided to study the behaviour of radium in 
hydrated cement material systems. 

90Sr is an important fission product of 235U in nuclear reactors with a 
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half-life of 28.8 years. Moreover, strontium is often considered as an 
analogue of radium, as these two elements are chemically similar 
(Berner, 2003; Tits et al., 2006b). 

For the assessment of the long-term safety of a repository, the 
retardation mechanisms of radionuclides on cementitious materials 
within the engineered barriers need to be understood. The interaction of 
a radionuclide with cementitious materials depends on the type of 
radionuclide and also on the type of cement. The sorption of radionu
clides (electrostatic sorption, chemisorption and adsorption) and sub
stitution (e.g. Sr for Ca) are processes influencing radionuclide 
retardation in the presence of cementitious materials (Atkins and 
Glasser, 1992; Evans, 2008; Jantzen et al., 2010). It should be added that 
the capture of contaminants can also occur by surface complexation 
mechanisms and ion exchange, especially when the solid phases have a 
silicate or aluminate-silicate structure – see database RES3T (Brendler, 
2006) or the monography of Lützenkirchen (2006). 

The mobility of Ra in cementitious systems is controlled by the sol
ubility of Ra-bearing phases under highly alkaline conditions, diffusion, 
interface processes, or incorporation into solid phases. For long-term 
modelling studies on radionuclide migration (e.g. Piqué et al., 2013), 
knowledge about the retardation mechanism, as well as of the kinetics 
and strength of radionuclide uptake for a given cementitious material 
are required. The composition of hydrated cementitious materials can 
vary significantly between different types of cements, thus affecting the 
sorption behaviour of radionuclides. For phenomenological sorption 
studies, it is possible to use commercial cement materials such as 
hardened cement pastes (HCP) or concretes, in particular those intended 
for use in a repository system. Moreover, studies on individual hydration 
phases that occur in cementitious materials can provide further insights 
into the radionuclide retention mechanisms. These phases are for 
example calcium silicate hydrates (CSH) with variable composition, 
ettringite (AFt, Ca6Al2(SO4)3(OH)12⋅26H2O) or the hydrocalumite-like 
AFm (Ca4Al2(OH)12 (X2–)⋅6H2O, where X refers to e.g. 2Cl–, SO4

2– etc.). 
By comparing the sorption properties of these phases (see e.g. Lange 
et al., 2018), the predominance of cation sorption to CSH is evident and 
therefore this material has been chosen in this study. The complex 
structure of CSH changes with both time and composition (Chen et al., 
2004; Nonat, 2004), which affects the radionuclide sorption that is also 
influenced by various other factors such as calcium to silicon (C/S) ratio 
of the CSH or pore water pH (Lange et al., 2018). 

The current state of knowledge of distribution ratios of Ra on com
mercial cements is based on rather few studies. For example, Tits et al. 
(2006a) determined the distribution coefficients of 226Ra (with initial 
concentration about 10− 8 mol L− 1) to be 140 L kg− 1 for degraded HCP 
(type CEM I) and up to 400 L kg− 1 for fresh HCP. Bayliss et al. (1989) 
obtained Rd’s for radium (concentration about 10− 8–10− 11 mol L− 1) for 
sulphate resistant Portland cement (SRPC) and ordinary Portland 
cement blended with blast furnace slag (OPC:BFS) in the range of 
50–500 L kg− 1 for SRPC and 850–1800 L kg− 1 for OPC:BFS. Rd for Ra in 
the study of Holland and Lee (1992) was measured to be 50 L kg− 1 for 
OPC, whereas for tobermorite (crystalline form of CSH) Rd’s were in the 
range 104–105 L kg− 1. Recent studies (Lange et al., 2018; Olmeda et al., 
2019) confirm previous knowledge. Lange et al. (2018) describe sorp
tion of 226Ra onto HCP CEM I (OPC) with Rd values up to 100 L kg− 1, 
Olmeda et al. (2019) presents result for 226Ra sorption on HCP CEM V 
(containing blast furnace slag and fly ash) for fresh and degraded state of 
HCP as Rd ≈ 590 L kg− 1 and 490 L kg− 1, respectively. Both studies 
compare Rd’s obtained for HCP with data obtained on CSH with different 
C/S ratios. As mentioned in e.g. Richardson (2008), addition of ad
mixtures to OPC decreases the C/S ratio of CSH in HCP and thus in
creases Rd values of cationic radionuclide (e.g. Ra), which is consistent 
with the increase of Rd’s with lower C/S ratios in CSH sorption experi
ments (Lange et al., 2018; Olmeda et al., 2019; Tits et al., 2006a). 

In comparison, Rd for strontium on HCP of type CEM II (slightly 
different material than HCP CEM II used in this work) was determined to 
be in the range 12–22 L kg− 1 in previous research. According to Li and 

Pang (2014) and Ochs et al. (2016), who compared Sr sorption studies 
on a variety of cementitious materials, Rd achieved maximum values of 
100 L kg− 1. 

As expected, the distribution ratios of radium and strontium on pure 
CSH are higher compared to commercial cement materials. Sorption 
experiments with Ra are quite rare, but in Tits et al. (2006a) the range of 
distribution ratios of Ra for the pure CSH phases was determined in the 
order of 102–104 L kg− 1 depending on C/S ratio, where the lower C/S 
means higher Rd values. Lange et al. (2018) and Olmeda et al. (2019) 
describe the same tendency of increasing Rd’s of radium sorption on CSH 
with lower C/S ratio. Olmeda et al. (2019) presents Rd in the range of 
560–14800 L kg− 1 within the C/S ratio 1.6–0.8. Lange et al. (2018) 
compares Rd’s of 226Ra for CSH with C/S ratio 0.9 and 1.4, the results are 
in orders of 104 and 103 L kg− 1, respectively. Rd of Sr for CSH was 
determined in several studies (Iwaida et al., 2000; Tits et al., 2006b), 
where the Rd values are also affected by the C/S ratio in CSH – from 
these dependencies, the Rd values for C/S = 1.4 can be estimated as 
about 100 L kg− 1. 

The aim of this study was to investigate the equilibrium Rd values 
and kinetic dependencies of the sorption of radium and strontium on 
selected types of cementitious materials used for radioactive waste 
management in the Czech Republic. It means, to take a closer look at the 
analogy of Ra and Sr from the point of view of their uptake under various 
conditions, including the investigation of the effect of temperature on 
radionuclide sorption. Also, the distribution ratios of two isotopes of 
radium were compared to determine the possibility to use 223Ra instead 
of 226Ra in research, since working with 223Ra is considerably safer than 
with 226Ra because of their daughters’ half-lives. Finally, complemen
tary diffusion experiments with 223Ra and 85Sr using compacted HCP 
CEM II were performed to extent the sorption studies to more realistic L/ 
S ratios. 

2. Materials and methods 

2.1. Cementitious materials 

A comparative study of the sorption behaviour of Ra and Sr was 
performed on several cementitious materials: three hardened cement 
pastes (HCP CEM I, CEM II, and CEM III) and two types of concrete made 
from the same cements as two of the HCP’s used (C CEM I and C CEM 
III). Both concretes have actually been used in the low/intermediate 
level waste (LLW-ILW) repositories in the Czech Republic. The desig
nation of the cements corresponds to the European cement standard EN 
197, where CEM I is ordinary Portland cement, CEM II Portland cement 
with another constituent (here CEM II/A-S which contains a blast 
furnace slag) and CEM III refers to blast furnace slag cement. Concretes 
were made from cements (17% in case of C CEM I and 19% in C CEM III) 
with the addition of aggregates, fly ash and plasticizers. All materials 
(age of the material in the range of 1–3 years) were crushed and sieved 
to a fraction ≤ 0.4 mm prior to use in sorption and diffusion 
experiments. 

Besides these commercially available commonly used cements, a 
synthetic cement hydration phase was studied: calcium silicate hydrate 
(CSH) with C/S = 1.4, prepared following the procedure of Atkins et al. 
(1992) and described in detail in Lange et al. (2018). 

2.2. Radionuclides 

The isotopes of interest, i.e. 226Ra and 90Sr were used for sorption 
studies on CSH. To aid detection, 223Ra and 85Sr were used as substitutes 
for 226Ra and 90Sr, respectively, in most experiments in the sorption 
studies on commercial cement materials. 223Ra is predominantly an 
α-emitter (half-life = 11.43 days) that decays to 219Rn with a final decay 
product of 207Pb (Collins et al., 2015). The radon isotope 219Rn has a 
half-life of only 4 s. The advantage of the much shorter half-life of 219Rn 
compared to 222Rn is that it is much safer to work with. The isotope 
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223Ra (commonly used in radiotherapy) was obtained from 
a227Ac/223Ra generator consisting of a glass column filled with 
Dowex-1 × 8 resin. Elution of 223Ra was carried out with 0.7 mol L− 1 

nitric acid in 80% methanol. The eluate was evaporated to dryness in a 
vacuum evaporator and then dissolved in 1 mol L− 1 nitric acid 
(Kozempel et al., 2015). In the case of Sr, the isotope 85Sr (as Sr-chloride) 
in 0.5 mol L− 1 hydrochloric acid was used either with 
(c0 = 3.5∙10− 4 mol L− 1 SrCl2) or without carrier. 

2.3. X-ray diffraction analysis 

The powdered materials were characterized prior to the uptake 
studies by X-ray diffraction analysis in ϴ-2ϴ Bragg-Brentano geometry 
using a Rigaku MiniFlex 600 diffractometer equipped with a Cu X-ray 
tube (average wavelength Kα1,2 = 0.15418 nm). High voltage and cur
rent settings used were 40 kV and 15 mA, respectively. The measure
ments were performed in continuous mode in the range of 2Θ = 10◦–80◦

with a collection speed of 2◦/min. The measured range was divided into 
intervals for data collection with the width equal to 0.02◦. The evalua
tion was performed using the PDXL2 program and the ICDD PDF-2 
database (version 2013). 

2.4. Sorption experiments – commercial cements 

Distribution ratios and sorption kinetics were measured for 223Ra 
and 85Sr for HCP CEM II, C CEM I and C CEM III over a period of 4 days 
(96 h). The kinetic experiments were carried out to establish the 
appropriate time for the duration of equilibrium experiments for the 
determination of Rd values as well as for evaluation with kinetic models. 
It was confirmed that the time of 96 h, in terms of achieving virtually 
zero concentration changes, was sufficient to achieve an equilibrium, or 
close-to-equilibrium state of the sorption of 223Ra and 85Sr under the 
given laboratory conditions. The same duration was also estimated to be 
suitable for HCP CEM I and HCP CEM III with respect to comparison 
with the results obtained for HCP CEM II, C CEM I and C CEM III. 

The experiments were carried out under ambient conditions, how
ever, all containers (polypropylene ampoule with maximum working 
volume of 12 mL) were carefully sealed with parafilm. Both the kinetic 
and distribution ratio studies of Ra and Sr uptake were conducted with 
simulated cementitious pore water, which was a saturated solution of 
portlandite (Ca(OH)2, pH = 12.4–12.6). The experiments were per
formed at liquid to solid ratios (L/S) of 10–600 L kg− 1 (6 mL of liquid 
phase) at temperatures ranging from 22 to 80 ◦C as the temperature in 
geological repository can be significantly higher than the average room 
temperature. The kinetic experiments were interrupted at pre
determined intervals (2, 4.5, 8, 24, 30, 48 and 96 h) for sampling: 2 mL 
of the centrifuged liquid phase were taken and analysed for the radio
nuclide activity using a well-type NaI(Tl) scintillation detector. The 
samples were then returned to the reaction vial, so the ratio of the phases 
remained at the original value during the experiment. The equilibrium 
experiments were handled similarly to the kinetic experiments after an 
equilibration time of 96 h. 

Carrier-free 223Ra was used, which corresponds to a concentration of 
about 10− 12 mol L− 1. According to calculations performed by Berner 
(2003), the maximum concentration of Ra in cementitious pore water 
(pH 12.55, 25 ◦C) would be given by a solubility limit of about 
1∙10− 5 mol L− 1 (depending on the concentration of free SO4

2–). In the 
system with presence of CO2 (or CO3

2– respectively) it is calculated 
approx. as 1⋅10− 4 mol L− 1. As far as CO3

2– is concerned, this, due to the 
low solubility of CaCO3, is limited by a Ca2+ concentration which should 
not exceed 1∙10− 4 mol L− 1. On the other hand, 85Sr was used with a 
carrier – SrCl2 at a concentration of 3.5∙10− 4 mol L− 1. This Sr concen
tration corresponds to the concentration of stable Sr that was deter
mined by leaching the HCP CEM II in distilled water for 1 month at 
L/S = 5 L kg− 1. A comparative experiment with Sr in a carrier-free sce
nario was performed to determine the effect of the carrier. It must be 

pointed out that commercial cements naturally contain strontium and 
radium (mainly 226Ra). The possible content of 226Ra in commercial 
cements was determined in the leachates by gamma measurement with a 
coaxial HPGe detector (Princeton Gamma Technologies) with multi
channel analyser Ortec 919 Spectrum Master and Maestro software, but 
the content of 226Ra in measured samples was not separable from the 
background. 

Due to the relatively short half-life of 223Ra, the observed decrease of 
radioactivity in the liquid phase caused by the uptake of the radionu
clide on the solid cementitious material had to be decay corrected. For 
this correction a procedure based on exponential decay was used to 
convert all measured data (Eq. (1)) to the same time point t0 corre
sponding to the start of the experiment. 

Prior to the sorption measurements on commercial cement materials, 
their moisture content (approx. 10%) was determined and taken into 
account during evaluation. Furthermore, the sorption on the walls of the 
experimental polypropylene vial was determined across all conditions. 
For Ra, sorption to vial walls was set at 7.8%, for Sr at 5.8%; these 
findings were included during evaluation of the experiments. 

226Ra sorption experiments on HCP and concrete based on com
mercial cements (i.e. HCP CEM I, HCP CEM II, C CEM I, C CEM III) were 
also performed to assess the suitability of the use of 223Ra instead of 
226Ra. The duration of experiments with 226Ra at room temperature was 
three weeks (500 h), the starting working solution was a leachate from 
HCP CEM I. The L/S ratio in the sorption experiments was chosen to be 
25, 100 and 200 L kg− 1, the concentration of 226Ra was 5⋅10− 7 mol L− 1. 
The long half-life of 226Ra (1600 years) eliminates possible uncertainties 
caused by the radioactive decay as in the case of the short-lived 223Ra 
isotope. Gamma measurement of 226Ra in filtered liquid samples was 
done by using a coaxial N type detector system (type: EGC 35-195-R), 
purchased from Eurisys Mesures, Lingolsheim, France, equipped with 
a spectrometer system obtained from EG & G Ortec Munich, Germany. 
Analyses of the spectra were performed with the GammaVision® Modell 
A66-B32 software (version 5.20). 

The uptake of the radionuclides by the cementitious materials is 
characterized in terms of the distribution ratio, Rd, between liquid and 
solid phases calculated according to Eq. (1) 

Rd =
Ainit − At

At
⋅
V
m
, (1)  

where Ainit (Bq) is the initial activity concentration of the radionuclide in 
solution in the unit of activity and At corresponds to the activity con
centration at time t, respectively, V (L) is the volume of the liquid phase 
and m (kg) the mass of solid phase used in the experiment. Molar con
centrations, c (mol L− 1), in the liquid phase were calculated using Eq. (2) 

c=
A⋅T1/2

ln 2⋅V⋅NA
, (2)  

where A (Bq) is absolute activity of the radionuclide, T1/2 (s) is radio
nuclide half-life, V (L) is volume of the solution and NA is Avogadro 
constant (6.022⋅1023 mol− 1). 

2.5. Sorption experiments – CSH 

Sorption experiments on synthetic CSH (C/S = 1.4) were performed 
as similar as possible to those for sorption on HPC and concrete. How
ever, the CSH experiments were held under an inert gas atmosphere of 
argon in a glove-box, as the CSH is more sensitive to CO2 than HCP or 
concrete. Two radionuclides were used for these experiments: 226Ra, and 
90Sr. Radionuclide sorption experiments were carried out in saturated 
CSH solution at an L/S ratio of 200 L kg− 1 using initial Ra and Sr con
centrations in the range 5⋅10− 10–8⋅10− 7 mol L− 1, which were achieved 
in the cases of Sr by the addition of a carrier (Sr(OH)2). The sorption 
studies were performed at room temperature and lasted for three weeks 
(approx. 500 h). 226Ra in the filtrated liquid phase was measured by 
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gamma spectroscopy on an HPGe detector (as described above), for 90Sr 
liquid scintillation counting (LSC) was used (1220 Quantulus, Perki
nElmer, Winq software version 1.2). 

2.6. Kinetic models for two-phase (liquid-solid) systems 

The kinetics of the sorption experiments were evaluated via several 
kinetics models with the aim of assessing the type of prevailing rate- 
controlling processes for the systems studied. These kinetic models, 
summarized in Table 1, reflect the following rate-controlling processes: 
mass transfer, or two-film model (DM), film diffusion (FD), diffusion in 
inert layer (ID) and chemical reaction (CR). In addition, two other ki
netic models were derived, namely, diffusion in reacted layer (RLD) and 
gel diffusion (GD). However, these models were omitted here due to the 
character of the solid phase, which is neither reacted nor gel-like. 
Detailed derivation of FD, ID, CR, RLD and GD models can be found in 
(Štamberg and Cabicar, 1980) and DM in monograph Mass Transfer 
Operations (Treybal, 1956). To derive the FD, ID, CR and RLD models, 
the principles used in a case of the so-called Ash model (Levenspiel, 
1962) were applied. 

In Table 1 c is a concentration of the component in the aqueous phase 
at time t; q – concentration of the component in the sorbent at time t; c* – 
equilibrium concentration of the component in the aqueous phase cor
responding to the equilibrium concentration q* of the component in the 
sorbent; q0 – starting concentration of the component in the sorbent; t – 
time; r (L/S) – ratio of aqueous to solid phase; D – diffusion coefficient of 
the component, KDM; KFD, KID, KCR, – over-all kinetic coefficients; kCR – 
kinetic coefficient of the chemical reaction; rCR – rate of the chemical 
reaction; R – mean radius of the solid phase particle; ρ – density of the 
solid sorbent; δ – thickness of the “liquid film” on the surface of the solid 
particle. 

The experimentally measured decreasing concentrations in the 
liquid phase, -dc/dt, were compared to the concentrations computed by 
the individual kinetic models (after each experimental time-step). A 
fourth-order Runge-Kutta method was used for the numerical solution of 
differential equation selected from Table 1; the Newton-Raphson non- 
linear regression method was used for the determination of desired 
parameter of the given kinetic model, e.g. KFD, by minimizing the value 
of the goodness-of-fit parameter. The quantity χ2

ν (or WSOS
DF , see Eq. (3)) is 

believed to be the appropriate parameter for the goodness-of-fit, it holds 
that the fit is acceptable if 0.1< WSOS

DF < 20 (Herbelin and Westall, 1996). 

χ2=
∑n

i

SSxi

s2
i

(3)  

Here SSxi is the square of the i-th deviation of the corresponding 
experimental value from the calculated one, si is an estimate of the 
standard deviation of the i-th experimental point, and degree of 
freedom, ν (or DF), is the number of experimental points (n) reduced by 
the number of independent parameters (np). In the evaluation of the 
kinetic experiments, it was assumed that the relative standard deviation 
of all experimental uptake data is 0.1 and that the results of long-term 
experiments determine the shape of the equilibrium isotherm. This 
approach to the evaluation of kinetic sorption experiments was already 
successfully applied in some other works, for example, to describe the 
kinetics of radionuclide sorption on natural materials (e.g. Beneš et al., 
1994; Lujaniene et al., 2012), and ion exchangers (e.g. Helfferich, 1959; 
Štamberg and Cabicar, 1980), or liquid-liquid extraction (Distler et al., 
2020, 2018). To evaluate kinetics, it is necessary to determine the pa
rameters of the sorption isotherms, in this case Langmuir or Freundlich 
ones, whose general formulae are given in Table 1. Experimental data 
obtained at different phase ratios, L/S, after 96 h were used to determine 
isotherm parameters. 

2.7. Diffusion experiments 

Through diffusion experiments with 223Ra (c0 ≈ 10− 12 mol L− 1) and 
85Sr (c0 = 3.5∙10− 4 mol L− 1 with SrCl2 carrier) were carried out in a 
saturated Ca(OH)2 solution using compacted HCP CEM II layers as 
porous media, which were obtained by pressing the crushed HCP 
(experimental set-up described in detail in Gondolli and Večerník 
(2014); cf. Fig. 1). The layer of cementitious material (width 0.5 cm, 
diameter 3 cm) was saturated with the working solution prior to the 
addition of the migrating species in the inlet container. The volumes of 
the inlet and outlet containers (polycarbonate glass) were 50 mL. 
Separating filters (CrNi(Mo) steel) of 0.08 cm width and a pore size of 
about 10 μm were used for the separation of the cementitious material 
from the containers with working solutions. The duration of the exper
iments was 22 days, due to the relatively short half-life of the 223Ra 
isotope. The aim of these experiments was the extension of the study of 
the influence of phase ratio L/S on the distribution ratio, since the L/S 
ratio in the diffusion cell differs significantly from the L/S ratio used in 
sorption experiments. During the duration of the experiment, 2 mL of 
samples of inlet and outlet solutions were withdrawn in regular intervals 
and measured using a well-type NaI(Tl) scintillation detector. After the 
measurement the samples were returned into the reservoirs. After the 
termination of the experiment, the cement layer was cut into the thin 
slices of 0.5 mm. Each slice was placed into a measuring vial, weighed, 
measured on a NaI(Tl) detector (with addition of 2 mL of distilled water 
to maintain homogeneous geometry), dried in an air dryer and then 
weighed again to determine the water content in all sliced samples. 

For the evaluation of the experiments (i.e. decrease of activity in inlet 
reservoir, increase in outlet reservoir, concentration profile in cement 
layer) after three weeks, it was necessary to use the multicomponent 

Table 1 
Kinetic models of sorption in two-phase systems used for the evaluation of 
sorption kinetics in systems with crushed cementitious material in an alkaline 
working solution.  

Controlling process Model 
notation 

Differential equation 

Mass transfer DM dq
dt

= KDM(q* − q)
Film diffusion FD dq

dt
= KFD(c − c*); ​ KFD =

3D
δRρ  

Diffusion in an inert layer ID dq
dt

= KID
c − c*

(

1 −
q
q*

)−
1
3
− 1

;

​ KID =
3D
R2ρ  

Chemical reaction (taking place in 
the reaction zone, here for the 
first order reversible reaction) 

CR dq
dt

= KCR
(c − c*)

(

1 −
q
q*

)−
2
3

; ​ KCR =

3kCR

Rρ ; 

rCR = kCR(c − c*)

Following equations hold: dq/dt = - r ⋅ dc/dt 
if c is the integration variable: q = r (c0 – c) + q0 
if q is the integration variable: c = c0 – (q – q0)/r 
Langmuir equilibrium equations used: q* = (KL⋅c⋅Q)/(1+KL⋅c) and c* = q/(KL ⋅ 
(Q – q)) 
Freundlich equilibrium equations used: q* = KF ⋅ cp, and c* = (q/KF)1/p 

Fig. 1. Schematic of the diffusion cell used for through diffusion experiments 
(CM: compacted cementitious material, two thin layers: filter). 
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fitting procedure prepared in the GoldSim environment (described in 
Baborová et al. (2016)), since steady state was not reached. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

A significant difference between the XRD spectra of concrete, HCP 
and CSH was observed, as exemplarily shown for the OPC based mate
rials in Fig. 2. A strong signal of quartz from the aggregates in the 
concrete turned the analysis of concrete CEM I virtually impossible, 
since the strong peaks of quartz made a lot of other peaks indetermin
able, except for major peaks of calcite and portlandite. The spectrum for 
HCP CEM I shows mainly the new formation of calcium compounds, 
especially portlandite Ca(OH)2 and calcite CaCO3. However, there is no 
CSH phase, which has a major peak in the area 29◦ 2ϴ (Zeng et al., 
2014), visible in the diffraction pattern of the cementitious materials, 
due to the stronger lines of other crystalline compounds in comparison 
to the mainly amorphous or ill-crystalline CSH (Atkins and Glasser, 
1992). On the other hand, there are unidentified small peaks in the 
spectra of C CEM I and HCP CEM I in the areas of 32 and 50◦ 2ϴ, which 
can be considered as belonging to CSH. Due to the strong signal of calcite 
in the area of 29◦ 2ϴ, the peak of CSH is obscured and it is not possible to 
confirm any compound without confirming all peaks in the spectrum. In 
this case an experimental set-up with higher discrimination could help. 

The spectrum of the CSH sample shows the main CSH peaks (29.7◦, 
32.2◦ and 50.1◦ 2ϴ) corresponding to the coordinates given in the 
literature (Baur et al., 2004; Nonat, 2004). However, due to the sensi
tivity of CSH to CO2 and the significant moisture content (about 77%) of 
freshly prepared CSH, the XRD spectrum could be influenced by trans
formations in the CSH during the measurement that was not maintained 
under an inert atmosphere. 

3.2. Sorption experiments – commercial cements 

3.2.1. Sorption of 226Ra and 223Ra 
The aim of the sorption experiments on HCP and concretes was to 

understand the influence of temperature and L/S ratio on Ra and Sr 
sorption on commercial cement materials used in nuclear waste man
agement. Moreover, the use of the unusual Ra isotope 223Ra (instead of 
226Ra) should be evaluated. In Fig. 3, the Rd values obtained from the 

sorption experiment with isotopes 226Ra and 223Ra on HCP and concrete 
based on CEM I at room temperature are shown with the trends of these 
values with L/S ratio indicated. The same comparison was also made for 
HCP CEM II and C CEM III. 

Based on the comparison of the data and trends obtained for the 
sorption of both isotopes onto commercial cement materials, it can be 
seen that for HCP CEM I and C CEM I the Rd’s in the investigated range of 
L/S ratios 10–200 L kg− 1, are approximately in the same range, but 
trends in behaviour depending on the L/S ratio differ, as shown for these 
materials in Fig. 3. The Rd values are in the range 30–170 L kg− 1 

(30–125 L kg− 1 for 226Ra and 45–170 L kg− 1 for 223Ra) for the studied L/ 
S ratios. The same conclusions are valid also for other two materials 
studied. Thus, results obtained using the less-common isotope 223Ra can 
be used as an estimate of the Rd values of 226Ra within the ranges of L/S 
ratios used in this study, although the initial Ra concentrations are or
ders of magnitude different. It is because there is a small difference 
between these values obtained for 223Ra and 226Ra in contact with 
cement material according to the t-distribution test at the significance 
level of α = 0.05. What must be pointed out is that the similarity of the 
values obtained applies only to this L/S range, because the trend clearly 
identify data obtained with 223Ra will express a sorption isotherm of 
convex shape whereas Rd’s of 226Ra correspond to a sorption isotherm of 
almost linear or concave shape. Parameters of both isotherm types 
(Langmuir and Freundlich, for equation see Table 1) are summarized in 
Table 2. The different behaviour of both isotopes is probably caused by 
the significantly different initial concentrations of radium 
(c0(226Ra) ≈ 5∙10− 7 mol L− 1, c0(223Ra) ≈ 10− 12 mol L− 1). The compari
son of HCP’s and concretes indicates a small difference in sorption 
behaviour as the average value of Rd for HCP’s is 70 L kg− 1, whereas for 
concretes it is 105 L kg− 1. This corresponds to the assumption of higher 
Rd values in concretes due to the lower C/S ratio caused by the addition 
of admixtures. However, based on the above mentioned t-distribution 
test this difference is not statistically significant. 

The parameter KL < 0 (accompanied by Q < 0) in the Langmuir 
isotherm and the parameter p > 1 in the Freundlich isotherm indicate a 
convex shape for all 223Ra experimental data, while KL > 0 (and Q > 0) 
and p < 1 indicate for most 226Ra data a concave shape of isotherms 
except for the experiment with HCP CEM I, where KL is negative (i.e. the 
isotherm is convex). This effect may be due to the fact that the isotherm 
is close to linear in this case so that either convex or concave shapes 
might be fitted with nearly similar goodness of fit. The formal 

Fig. 2. Comparison of XRD spectra of C CEM I, HCP CEM I and CSH samples (P – Portlandite, C – Calcite, Q – Quartz).  
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description of experimental sorption isotherms by selected functions 
(Langmuir and Freundlich) enabled us to evaluate results of sorption 
kinetic studies by a set of kinetic models (see Table 1). 

3.2.2. Comparison of Ra and Sr sorption 
In previous studies (e.g. Tits et al., 2006b), it has been suggested that 

90Sr might be a suitable analogue for the assessment of Ra sorption on 
cementitious materials. In our case a different Sr isotope (85Sr) was used 
and directly compared with 223Ra in order to determine the efficiency of 

Fig. 3. Rd values of 226Ra and 223Ra on commercial cement materials in cementitious leachate or portlandite water at room conditions as function of L/S ratio with 
trends of dependences of Rd values on L/S indicated. 

Table 2 
Parameters of Langmuir and Freundlich isotherms corresponding to dependencies of Rd values on L/S ratios in Fig. 3 and other studied materials. (KL (L mol− 1), Q (mol 
kg− 1), KF (L kg− 1)).   

HCP CEM I HCP CEM II C CEM I C CEM III 
223Ra 226Ra 223Ra 226Ra 223Ra 226Ra 223Ra 226Ra 

Langmuir parameters 
Q − 5.0∙10− 11 − 4.7∙10− 5 − 7.1∙10− 11 5.9∙10− 5 − 6.9∙10− 11 4.3∙10− 5 − 3.3∙10− 11 2.4∙10− 5 

KL − 8.9∙1011 − 6.2∙105 − 9.5∙1011 2.1∙106 − 1.6∙1012 4.0∙106 − 2.2∙1012 4.8∙107 

χ2/df 0.52 1.10 7.60 4.47 0.32 0.93 1.16 0.26 
Freundlich parameters 
p 1.39 1.25 1.44 0.80 1.36 0.62 1.72 0.23 
KF 4.4∙106 1.5∙103 3.3∙107 3.8 6.5∙106 2.7∙10− 1 2.5∙1011 7.0∙10− 4 

χ2/df 0.89 1.01 10.49 5.57 0.74 1.27 0.94 0.27  

Fig. 4. Comparison of distribution ratio of 223Ra and 85Sr on several commercial cement materials in saturated Ca(OH)2 solution (portlandite water) at 22 ◦C.  
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using Sr as an analogue in the case of sorption on cementitious materials 
and to obtain Rd values for such heterogeneous materials. The com
parison of Sr and Ra sorption on HCP and concrete for various experi
mental conditions is shown in Figs. 4 and 6. Figs. 5 and 7 show the 
sorption isotherms obtained by fitting the selected experimental data f 
(q,c) with the Langmuir and Freundlich isotherm models. 

When comparing the distribution coefficients of Ra and Sr on 
cementitious materials, Rd values of Ra are considerably higher (y axis 
scale is 10 times higher for radium than for strontium in Figs. 4 and 6). 
Obtained Rd values for Ra uptake are in the range of 50–380 L kg− 1, 
while that for Sr are only 10–30 L kg− 1. Both ranges are comparable with 
previous knowledge as mentioned before for Ra (e.g. Holland and Lee, 
1992; Lange et al., 2018; Tits et al., 2006a) and for Sr summarized in e.g. 
Li and Pang (2014). 

The effect of the L/S ratio over all experimental configurations (see 
Figs. 4 and 6) is much more apparent for Ra, where it is generally 
possible to say that Rd increases with a higher L/S ratio, which corre
sponds to a non-linear isotherm of convex type. For Sr, the Rd values in 
the range of L/S = 10–600 L kg− 1 can be considered nearly constant, but 
the isotherms are not linear, the type of them is both convex and 
concave, which may be due to the proximity of linearity and also to the 
measurement error. All obtained parameters of both isotherms are in 
Table 4 (see below). 

The convex type of the isotherm for Ra and the nearly linear type 
(slightly concave in this case) of the isotherm for Sr in the experiments 
without carrier are demonstrated in Fig. 5. The carrier-free arrangement 
for Sr was chosen because the conditions (concentration of radionuclide) 
correspond better to the experiments with Ra. 

Fig. 4 (left – 223Ra) shows slightly higher sorption on concretes in 
comparison with HCP’s as mentioned above and also higher sorption on 
the cements with admixtures (CEM II, CEM III) in comparison to the OPC 
(CEM I). 

Based on the obtained results, it can be concluded that strontium is 
an insufficient analogue of radium for this type of study, if the aim is to 
obtain accurate values of distribution ratios. 

The reason for the different behaviour of these divalent cations could 
be due to their different size when hydrated (Ca2+> Sr2+> Ba2+> Ra2+) 
and when sorbed (Ca2+< Sr2+< Ba2+<Ra2+) (Cheng et al., 2018; Mat
suda and Mori, 2014a, 2014b; Shannon, 1976). In hydrated form, Ra is the 
smallest of the listed elements and can therefore more easily diffuse into 
the solid phase. 

It must be added that portlandite water as a working solution is 
merely an approximation to cement water and the cementitious mate
rials were not in equilibrium with the solution during sorption experi
ments. When studying the evolution of the working solutions during the 
experiments, it was observed that with decreasing L/S ratio the 

concentration of Ca in the original portlandite water decreased, while 
the concentrations of other cations (K, Na, Mg), including Sr, increased. 
The concentration changes in working solutions were more distinct with 
increasing temperature. The problematics of leachate composition will 
be further studied. 

3.2.3. Influence of temperature 
The effect of temperature on the sorption of 223Ra and 85Sr on HCP 

CEM II is depicted in Fig. 6, indicating that there is no significant in
fluence of temperature on Sr uptake on this HCP up to 80 ◦C, since the 
Rd-values are practically constant over the investigated temperature 
range within the experimental error. The measured variations were 
indistinguishable from the statistical fluctuations of the experimental 
results. At a first glance, the Sr sorption isotherms seem to be close to 
linear taking into account the error bars of the Rd values. However, a 
detailed (mathematical) view on the Sr sorption isotherms reveals that 
the isotherms are of convex type for temperatures of 22 and 50 ◦C, while 
the isotherm referring to a temperature of 80 ◦C is concave, but the 
difference is only very small due to the proximity to linearity. For 223Ra, 
the data suggest an increase in Rd values at elevated temperatures; this 
effect of temperature on 223Ra sorption is more apparent at smaller L/S 
ratios, e.g. of 10 L kg− 1. Therefore, temperature significantly affects the 
shape of the 223Ra isotherm, which, at a temperature higher than 50 ◦C 
changes from convex to concave as shown in Fig. 7. Thus, the change in 
the shape of the isotherm with increasing temperature is the same for 
both elements, but due to the evident approach to linearity the uncer
tainty of shape type is more apparent for Sr. 

All Rd values presented within Figs. 4–8 (see below) are summarized 
in Table 3 and the parameters of the corresponding isotherms are pre
sented in Table 4. 

3.2.4. Influence of carrier on Sr sorption 
Regarding the uptake of Sr it has to be pointed out that all the 

cementitious materials used contain stable Sr, which may affect the 
sorption experiments, since there will be always some Sr present in the 
liquid phase due to the leaching of the cement materials (in the con
centration range of 10− 4–10− 6 mol L− 1). In the case of HCP CEM II the 
exchangeable amount of Sr in the material was determined to be equal to 
4.04 mmol kg− 1. For C CEM I and C CEM III, the leachable Sr content was 
about 60% and 30%, respectively, in comparison to HCP CEM II. Even in 
the case of Ra this is not trivial, since according to Rubáš (2015) the 
226Ra concentration in various cements (CEM I, CEM II and CEM III) is in 
the order of 10− 12 mol kg− 1, which is comparable to the working con
centration of 223Ra. However, it was verified here that the 226Ra content 
in the leachates from HCP CEM I, HCP CEM II and HCP CEM III (L/S 
10 L kg− 1, after 4 days of contact) was at the background level (gamma 

Fig. 5. Sorption isotherms of 223Ra and 85Sr systems selected from the data in Fig. 4 (Ra) and Fig. 8 (Sr, see below). The data points presented in Fig. 4 are shown 
here in the form of two parallel determinations for demonstrating the uncertainty. 
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Fig. 6. Comparison of distribution ratios of 223Ra and 85Sr on HCP CEM II in saturated Ca(OH)2 solution (portlandite water) at different temperatures and different 
L/S ratios. 

Fig. 7. Sorption isotherms of 223Ra and 85Sr systems selected from the data in Fig. 6 reflecting the influence of change in system temperature. The data points 
presented in Fig. 6 are shown here in the form of two parallel determinations for demonstrating the uncertainty. 

Fig. 8. Influence of carrier (3.5∙10− 4 mol L− 1 SrCl2) on sorption of 85Sr on HCP 
CEM II in saturated Ca(OH)2 at 22 and 80 ◦C. 

Table 3 
Rd values of 223Ra and 85Sr for sorption on commercial cement materials in L/S 
range of 10–600 L kg− 1 (* indicates usage of a carrier in the case of Sr (c =
3.5⋅10− 4 mol L− 1), the average error of determination is 9.5% for radium and 
26% for strontium).  

Material T [◦C] Rd 
223Ra [L kg− 1] Rd 

85Sr [L kg− 1] 

HCP CEM I 22 40–100 8–13 
HCP CEM III 22 100–180 11–29 
C CEM I 22 100–290 9–21* 
C CEM III 22 70–380 15–20* 
HCP CEM II 22 50–190 11–18* 

12–15 
HCP CEM II 50 80–100 13–16* 
HCP CEM II 65 30–180  ×

HCP CEM II 80 100–360 6–25* 
13–20  
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spectrometric determination). 
To evaluate the effect of a stable Sr carrier on the uptake of radio

active 85Sr, sorption experiments with HCP CEM II were performed at 22 
and 80 ◦C with and without the addition of a Sr carrier (i.e. 
3.5∙10− 4 mol L− 1 SrCl2); the results are shown in Fig. 8. From Fig. 8 it is 
evident that there is no significant effect of the use of a given Sr carrier 
concentration on the distribution ratios, especially in the L/S range of 
10–100 L kg− 1. 

3.3. Sorption experiments – CSH 

In Fig. 9. Rd values for the uptake of 226Ra and 90Sr on CSH (C/S 
ratio = 1.4) are shown as a function of solution concentration. The 
comparison confirms significantly higher Rd values of Ra sorption with 
the range of thousands L kg− 1 (average 1981 ± 383 L kg− 1) and Rd 
values of Sr sorption at about 102 L kg− 1 (108 ± 7 L kg− 1). In the inves
tigated concentration range, both elements reveal linear sorption 

isotherms. Sorption on CSH is considerably higher than that on the 
commercial cement materials (cf. Lange et al. (2018)), especially for Ra, 
where the Rd’s for the cementitious materials used in our study are in 
range of 50–380 L kg− 1 for Ra and in range of 10–30 L kg− 1 for Sr, as 
shown above. 

Sorption experiments with Ra in the scientific literature are quite 
rare, but values obtained in this paper are in good agreement with the 
range of distribution ratios for Ra on the pure CSH phases which were 
determined to be in the order of 102–104 L kg− 1 (Lange et al., 2018; 
Olmeda et al., 2019; Tits et al., 2006a). An average Rd value of CSH with 
C/S = 1.4 is reported as (1805 ± 722) L kg− 1 in Lange et al. (2018). 

As can be deduced from data presented in Fig. 9, sorption isotherms 
are practically linear in both cases and the pure CSH has different 
sorption properties than cementitious materials described above. 

According to e.g. Tits et al. (2006a) and Wieland et al. (2008) Ra and 
Sr sorption on CSH phases, but also on HCP’s, is a linear and reversible 
process, that is probably governed by cation exchange of Ra2+ or Sr2+ vs. 

Table 4 
Parameters of sorption isotherms fitted with Langmuir and Freundlich type relations: 223Ra and 85Sr systems (see Figs. 5 and 7, * indicates usage of a carrier in the case 
of Sr (c = 3.5∙10− 4 mol L− 1); (KL (L mol− 1), Q (mol kg− 1), KF (L kg− 1)).  

Ra HCP CEM II HCP CEM I C CEM I HCP CEM III C CEM III 

22 ◦C 50 ◦C 65 ◦C 80 ◦C 22 ◦C 22 ◦C 22 ◦C 22 ◦C 

Langmuir parameters 
Q − 6.3∙10− 11 3.1∙10− 9 5.1∙10− 11 2.1∙10− 10 − 4.8∙10− 11 − 9.2∙10− 11 − 1.5∙10− 10 − 5.1∙10− 11 

KL − 1.0∙1012 3.7∙1010 8.3∙1012 1.5∙1012 − 9.3∙1011 − 1.3∙1012 − 7.5∙1011 − 1.7∙1012 

χ2/df 6.83 1.02 9.95 9.08 0.40 1.33 1.77 105.72 
Freundlich parameters 
P 1.61 0.98 0.57 0.69 1.63 1.54 1.26 1.97 
KF 4.7∙109 68 3.7∙10− 4 2.6∙10− 2 6.0∙109 1.2∙109 2.9∙105 3.4∙1014 

χ2/df 14.39 1.00 9.24 4.59 5.38 3.37 5.19 4.31  

Sr * HCP CEM II HCP CEM II HCP CEM I *C CEM I HCP CEM III *C CEM III 

22 ◦C 50 ◦C 80 ◦C 22 ◦C 80 ◦C 22 ◦C 22 ◦C 22 ◦C 22 ◦C 

Langmuir parameters 
Q − 1.3∙10− 2 − 1.1∙10− 2 1.3∙10− 2 1.3∙10− 10 2.6∙10− 11 − 2.9∙10− 11 − 3.4∙10− 3 1.3∙10− 10 6.5∙10− 3 

KL − 7.4∙102 − 1.0∙103 1.5∙103 1.0∙1011 8.4∙1011 − 2.3∙1011 − 1.6∙103 1.1∙1011 9.5∙103 

χ2/df 3.26 16.64 6.59 0.75 1.61 4.52 8.56 24.46 4.40 
Freundlich parameters 
P 1.22 1.43 0.81 0.93 0.67 1.24 1.85 1.11 0.35 
KF 74.6 586 2.98 1.74 1.2∙10− 3 7.1∙103 1.1∙104 268 8.6∙10− 2 

χ2/df 3.57 22.84 7.44 0.73 1.58 4.92 10.89 33.17 3.52  

Fig. 9. Comparison of distribution ratios, Rd, of 226Ra and 90Sr sorption on CSH with C/S 1.4 (for Sr the error corresponds to the size of the data points) as a function 
of their aqueous concentration. 
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Ca2+ on the edge and planar silanol groups of the CSH phases, which are 
deprotonated under the alkaline conditions of cement systems, the 
negative charge carried by deprotonated silanol groups is neutralized e. 
g. by Ca and the exchange goes as described for Ra in Eq. (4) (the process 
is analogous for Sr):  

Ca-CSH + Ra2+ ⇐⇒ Ra-CSH + Ca2+ (4) 

There is a question, what ionic forms of the alkaline earth metals, 
especially Ra, are present under the given conditions in the liquid phase. 
For this purpose, speciation calculations were performed. Because the 
composition of the used solutions is not known exactly, the obtained 
dependencies should be considered as indicative, however useful. 
Regarding the forms of Ra upon sorption on CSH, here, given the con
ditions mentioned above (practically CO2-free), these are clearly the 
cationic forms of Ra2+ and RaOH+. In the case of experiments with other 
cementitious materials, due to the presence of carbonates and sulphates, 
this is not so clear. As an example, a simulated pore water containing a 
saturated solution of portlandite (Ca(OH)2), and further components 
leached out of the cementitious materials, i.e. Na+, K+, Ca2+, SO4

2–, Cl− , 
OH− etc. (electroneutrality must apply) was used for the calculations. 
The concentration of these components is in units of up to tens of mil
limoles per litre, while the initial concentration of 223Ra was set to 
1⋅10− 12 mol L− 1. The speciation of Ra was calculated as a function of pH, 
in the range of pH 5–14, and with access of atmospheric CO2. The results 
are shown in Fig. 10. 

The calculations, which are rather conservative, show that in the 
systems studied, the dissolved radium, and similarly other alkaline earth 
metals, is mainly present in form of cationic species (Ra2+, RaOH+ and 
RaHCO3

+) and uncharged aqueous complexes such as RaCO3
0(aq) and 

RaSO4
0(aq). It seems that the mechanism of sorption is mainly the cap

ture of cations (in particular Ra2+) via exchange on deprotonated silanol 
groups. The dissolved cationic forms of radium, such as Ra2+, are in 
thermodynamic equilibrium with its other aqueous species such as Ra- 
carbonato and Ra-sulphato complexes. Thus, when Ra2+ is drawn 
from the system by sorption onto the cementitious materials, the com
plexes dissociate to re-establish equilibrium and virtually full sorption of 
Ra2+ can take place. 

3.4. Kinetic models for two-phase (liquid-solid) systems 

Results of kinetic experiments of 223Ra sorption in several system 
configurations are presented in Fig. 11; it is apparent from the close-to- 
zero concentration changes that a close-to-equilibrium state was 
reached after approximately 30–40 h, except for the system C CEM III, L/ 

S = 100 that required at least 96 h. 
The kinetic models presented in Table 1 were exemplarily applied to 

7 sets of kinetic data on the Ra uptake on three types of cementitious 
materials under various experimental conditions. Moreover, an experi
ment with 85Sr (with carrier SrCl2) was evaluated for comparison (this 
experiment was performed using a HCP leachate instead of saturated Ca 
(OH)2). A special case of the Freundlich model (p = 1, corresponding to 
the so-called linear Kd-model) and the Langmuir model were initially 
used to describe the sorption isotherms. The results obtained using both 
models are, on the basis of WSOS/DF values, applicable, however, due to 
the frequently observed non-linearity of the isotherm, the Langmuir 
model was preferred for the presentation of the results. 

The χ2
ν (WSOS/DF) values derived for the FD, DM, ID and CR kinetic 

models (cf. Table 1) to describe the kinetics of Ra and Sr uptake in the 
selected systems are given in Table 5. A meaningful value of χ2

ν must 
meet the requirement 0.1< WSOS

DF < 20 according to (Herbelin and 
Westall, 1996), but it is preferred to be as low as possible or at least less 
than 10. When interpreting the sorption data using the Freundlich 
(Kd-model), the DM or FD model were the most suitable for the 
description of the Ra sorption kinetics. However, with the use of the 
Langmuir sorption model, the film diffusion (FD model) emerged as 
superior. For Sr, in both cases the ID model was found to be the most 
suitable. 

The difference between both radionuclides can be attributed to the 
very different concentration levels (223Ra ≈ 10− 12 mol L− 1, Sr 
3.5∙10− 4 mol L− 1) used in the experiments, where the lower concen
tration corresponds to FD (film diffusion model) or DM (two-film model) 
and the higher to ID (diffusion in inert layer). This phenomenon is due to 
the fact that the concentration of the sorbing component is one of the 
parameters determining the control process during sorption via the ion 
exchange mechanism. At lower concentrations the slowest event and 
thus the control process is film diffusion, whereas at higher concentra
tions it is diffusion in an inert layer (ID model) (Helfferich, 1959). 

It can be seen from results in Table 5 that the choice of the “ideal” 
kinetic model is not unambiguous. However, this quantitative analysis 
can help to evaluate the sorption properties of cementitious materials 
and eventually to help for further development of transport models for 
Ra in cementitious barriers. 

Evaluation of kinetic data (sorption of 223Ra onto HCP CEM II) at two 
temperatures (22 and 80 ◦C) and two L/S ratios (L/S 10 and 100 L kg− 1) 
were used to determine values of the apparent activation energy, EA, of 
the uptake process. Despite the fact that the DM model and the FD model 
were evaluated as best describing these systems on the basis of WSOS/ 
DF (see Table 5), it was not possible to use the kinetic coefficients ob
tained from these models for the evaluation of EA. The kinetic co
efficients from the CR model for L/S = 10 L kg− 1 and the ID model for L/ 
S = 100 L kg− 1 proved to be the most convenient for this purpose. The 
corresponding values of the total mass transfer coefficients, KCR or KID, 
were used to calculate EA, using Eq. (5), which can be derived by 
adjusting the Arrhenius equation (Arrhenius, 1889; Levenspiel, 1962), 
provided that the kinetic coefficients, KCR-1 and KCR-2 or KID-1 and KID-2, 
for two temperatures, T1 and T2, respectively, are known. For example, 
for the CR model, Eq. (5) can be written as 

EA =R⋅
ln(KCR− 2/KCR− 1)

1
/T1

− 1
/T2

(5)  

where R is gas constant (8.314 J mol− 1 K− 1), T1 = 295 K (22 ◦C), 
T2 = 353 K (80 ◦C), and the coefficients are KCR-1 = 14.8 min− 1 (22 ◦C), 
KCR-2 = 37.0 min− 1 (80 ◦C) for L/S = 10 L kg− 1 and KID-1 = 2.13 min− 1 

(22 ◦C), KID-2 = 10.0 min− 1 (80 ◦C) for L/S = 100 L kg− 1. 
Substituting into Eq. (5), we obtain the following values of the 

apparent activation energies: EA10 = 13.7 kJ mol− 1 K− 1 for L/ 
S = 10 L kg− 1 and EA100 = 23.1 kJ mol− 1 K− 1 for L/S = 100 L kg− 1. 

On the basis of these values, it is not possible to clearly identify the Fig. 10. Estimation of radium speciation in liquid phase of studied cement 
experiments (F refers to fraction). 

J. Kittnerová et al.                                                                                                                                                                                                                              



Applied Geochemistry 122 (2020) 104713

11

rate-controlling process of the sorption studied (diffusion or chemical 
reaction), as a general rule of thumb, the boundary value of apparent 
activation energy dividing diffusion and chemical reaction processes 
ranges from ca. 20–40 kJ mol− 1. Values below this interval suggest 
diffusion as the rate-controlling process, while it is the chemical reaction 
for higher values. This unclear behaviour corresponds to the possibility 
to fit different kinetic models (cf. Table 1) with similar WSOS/DF, which 
take into account different rate-controlling processes. 

3.5. Diffusion experiments with 223Ra and 85Sr 

In addition to the batch sorption experiments, the through diffusion 
of 223Ra and 85Sr through a compacted layer of crushed HCP CEM II was 
investigated. The experimental results of Ra and Sr diffusion and cor
responding GoldSim model curves are presented in Fig. 12. In this figure, 
the concentration of both radionuclides in the layer of cementitious 
material after the termination of the diffusion experiment after three 

weeks and the evolution of the radionuclide concentrations in the inlet 
and outlet reservoirs during the experiment are presented. The behav
iour of both elements confirmed the assumption that the diffusive 
transport of Ra would be more retarded than the transport of Sr, due to 
the stronger radium uptake by HCP. Thus, the observed concentration 
decrease in the inlet reservoir is more pronounced for Ra as the mass 
flow into the layer of crushed cementitious material is enhanced by the 
sorption that causes a stronger concentration gradient close to the 
boundary filter – cement. The comparison of the activity profiles of Ra 
and Sr in the cementitious material after the termination of the experi
ments indicates that neither Sr nor Ra reached steady state within three 
weeks and depicts the higher uptake of radium on the solids. Corre
sponding to the shape of the Ra profile in the cementitious material, no 
Ra was detected in the outlet reservoir. 

The diffusion experiment could not be prolonged due to the short 
half-life of the 223Ra (11.43 days), as the decrease in activity by radio
active decay could affect the measurement, or make it completely 
impossible. 

The quality of fits of the GoldSim model demonstrates that the 
conceptual model assuming the linearity of the sorption model and 
reversibility of the sorption process is valid for the retarded diffusive 
transport of Ra and Sr in the compacted HCP material. 

The results of the through diffusion experiments are in agreement 
with the findings from the batch sorption experiments, as the Rd values 
determined in the diffusion experiments were about 9 L kg− 1 for Sr and 
150 L kg− 1 for Ra. Based on the comparison of the dry sample weight 
with the sum of the weights of the dried cut slices produced at the end of 
the diffusion experiment, the L/S ratio in the diffusion experiments was 
about 0.3 L kg− 1. 

4. Conclusions 

Distribution ratios, Rd, of Ra uptake on commercial cement materials 
that are used or will be used in nuclear waste management in the Czech 
Republic are in the range of 50–380 L kg− 1, while those for Sr were 
found to be 10–30 L kg− 1, both ranges are in agreement to published 
data. Distribution ratios of Sr were generally constant over the range of 
L/S ratios from 10 to 600 L kg− 1, whereas those for Ra were generally 
increasing with increasing L/S ratio. The influence of increasing tem
perature was convincingly recorded only for the sorption of Ra, in 
particular at lower L/S ratios, leading to an increase in Ra uptake at 
elevated temperature. Sorption isotherms of Ra and Sr on HCP and 

Fig. 11. Sorption kinetics of 223Ra and 85Sr on cementitious materials in saturated Ca(OH)2 working solution at 22 and 80 ◦C and L/S 10 and 100 L kg− 1. Error bars 
are omitted for the sake of clarity. 

Table 5 

The 
χ2
ν (WSOS/DF) values obtained by evaluation of the kinetics of Ra and Sr 

sorption in several systems for various phase ratios L/S and two working tem
peratures using different kinetic models (cf. Table 1; best fits shown in bold; the 
Langmuir model was used for the description of sorption isotherms).  

Experiment Isotherm KL:[L 
mol− 1] 
Q:[mol kg− 1] 

L/S [L 
kg− 1] 

χ2/ν (WSOS/DF) 

FD DM ID CR 

Ra, HCP 
CEM II, 
22 ◦C, Ca 
(OH)2 

Q = − 3.08∙10− 11 

KL = − 1.68∙1012 
10 8.41 9.36 13.30 11.0 
100 0.46 0.65 2.89 2.08 

Ra, HCP CEM 
II, 80 ◦C, Ca 
(OH)2 

Q = 8.50∙10− 10 

KL = 2.77∙1011 
10 190 10.10 52.2 212 
100 5.97 3.94 4.10 4.13 

Ra, C CEM I, 
22 ◦C, Ca 
(OH)2 

Q = − 1.89∙10− 10 

KL = − 6.41∙1011 
10 20.5 492 61.0 57.0 
100 3.20 3.62 294 9.20 

Ra, C CEM III, 
22 ◦C, Ca 
(OH)2 

Q = − 3.23∙10− 11 

KL = − 2.86∙10− 12 
10 0.41 86.8  × ×

100 2.15 253 198 204 

Sr, HCP 
CEM II, 
22 ◦C, 
leachate 

Q = 7.71∙10− 3 

KL = 3.67∙10− 3 
10 6.97 5.97 2.18 5.14  
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concrete were determined; the isotherms of 223Ra are mostly of convex 
shape, but with elevated temperature the shape changes to concave. Sr 
isotherms are close to linear in shape. Sorption experiments with a 
synthesised CSH phase confirmed i) the dominant role of CSH for 
sorption of alkaline earth metals in cementitious materials, and ii) the 
significant difference between the uptake of Ra and Sr, with the Rd 
values decreasing by about an order of magnitude from Ra to Sr, as 
expected. The experimental data confirmed that the sorption of Sr on 
cementitious materials is much weaker than Ra sorption and probably 
has a different dependency on temperature, which renders Sr not suit
able as a meaningful analogue for Ra in studies on the performance of 
cementitious materials in nuclear waste repositories. 

It was proved that in the investigated range of L/S ratios 
(10–200 L kg− 1) the Rd values for both Ra isotopes (223Ra and 226Ra) are 
comparable, although different trends on L/S ratios were observed 
(convex isotherms for 223Ra and concave for 226Ra), probably caused by 
the different concentration levels of the Ra isotopes in the experiments. 

The kinetics of Sr and Ra uptake by cementitious materials was 
successfully evaluated by a set of models describing the sorption in 
heterogeneous systems based on different rate-controlling processes. 
The FD (film diffusion) model in the case of Ra, and the ID (diffusion in 
inert layer) model in the case of Sr proved to be the most convenient. The 
determined values of apparent activation energies did not clearly indi
cate the rate-controlling process behind the sorption. 

Rd values determined by the evaluation of through diffusion exper
iments with HCP were around 9 L kg− 1 for Sr, and 150 L kg− 1 for Ra, in 
good agreement to the batch sorption data. The concept of these diffu
sion experiments has been used to work with a significantly smaller but 
more realistic L/S ratio for the evaluation of the performance of 
cementitious barriers in a repository that would be difficult to realize in 
batch experiments. However, the agreement between the different ap
proaches suggest that the data obtained in the batch experiments can be 
transferred to the diffusive transport in a cementitious barrier system. 
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Beneš, P., Štamberg, K., Štegman, R., 1994. Study of the kinetics of the interaction of Cs- 
137 and Sr-85 with soils using a batch method: methodological problems. 
Radiochim. Acta 66 (67), 315–321. https://doi.org/10.1524/ract.1994.6667. 
special-issue.315. 

Berner, U., 2003. Project Opalinus Clay: radionuclide concentration limits in the 
cementitious near-field of an ILW repository. PSI Bericht Nr 2–26, 62. 

Brendler, V., 2006. RES3T - Rossendorf Expert System for Surface and Sorption 
Thermodynamics. Forschungszentrum Rossendorf e.V., Institut of Radiochemistry, 
Dresden, Germany. https://www.hzdr.de/db/res3t.login.  

Chen, J.J., Thomas, J.J., Taylor, H.F.W., Jennings, H.M., 2004. Solubility and structure 
of calcium silicate hydrate. Cement Concr. Res. 34, 1499–1519. https://doi.org/ 
10.1016/j.cemconres.2004.04.034. 

Cheng, W., Liu, C., Tong, T., Epsztein, R., Sun, M., Verduzco, R., Ma, J., Elimelech, M., 
2018. Selective removal of divalent cations by polyelectrolyte multilayer 
nanofiltration membrane: role of polyelectrolyte charge, ion size, and ionic strength. 
J. Membr. Sci. 559, 98–106. https://doi.org/10.1016/j.memsci.2018.04.052. 

Collins, S.M., Pearce, A.K., Ferreira, K.M., Fenwick, A.J., Regan, P.H., Keightley, J.D., 
2015. Direct measurement of the half-life of 223Ra. Appl. Radiat. Isot. 99, 46–53. 
https://doi.org/10.1016/j.apradiso.2015.02.003. 
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