
ASME Journal of Nuclear Engineering and Radiation Science 

 

1 

 

Study of radium behavior in contact with the cementitious phase CSH 1 
 2 
Jana Kittnerová1 3 
Department of Nuclear Chemistry, Czech Technical University in Prague, Břehová 7, 115 19, Prague 1, 4 
Czech Republic 5 
e-mail: Jana.Kittnerova@fjfi.cvut.cz 6 
 7 
Barbora Drtinová 8 
Department of Nuclear Chemistry, Czech Technical University in Prague, Břehová 7, 115 19, Prague 1, 9 
Czech Republic 10 
e-mail: Barbora.Drtinova@fjfi.cvut.cz 11 
 12 
Karel Štamberg 13 
Department of Nuclear Chemistry, Czech Technical University in Prague, Břehová 7, 115 19, Prague 1, 14 
Czech Republic 15 
e-mail: Karel.Stamberg@fjfi.cvut.cz 16 
 17 
Guido Deissmann 18 
Institute of Energy and Climate Research: Nuclear Waste Management and Reactor Safety (IEK-6), 19 
Forschungszentrum Jülich GmbH, Wilhelm-Johnen Straße, 52425 Jülich, Germany 20 
e-mail: g.deissmann@fz-juelich.de 21 
 22 
Steve Lange 23 
BGE Bundesgesellschaft für Endlagerung mbH, Schachtanlage Asse II, Am Walde 2, 38319 Remlingen, 24 
Germany 25 
e-mail: steve.lange@bge.de 26 
 27 
Nick Evans 28 
ERD 122, School of Science and Technology, Clifton Campus, Nottingham Trent University, Nottingham, 29 
NG11 8NS, United Kingdom 30 
e-mail: nick.evans@ntu.ac.uk 31 
 32 
 33 
ABSTRACT 34 
 35 
Radium-226 is an important radionuclide with respect to the long-term safety of repositories for low and 36 
intermediate level radioactive wastes, as well as deep geological repositories for high level radioactive waste 37 
and spent nuclear fuel. To evaluate its mobility in the engineered barrier system of a repository, the sorption 38 
of radium on Calcium-Silicate-Hydrates (CSH), which form the major hydration phases in cementitious 39 
materials, was studied. Radium sorption to CSH was found to be very fast, leading to steady state between 40 
solid and liquid phase after less than four days. The dependency of the equilibrium distribution ratios on 41 
radium concentration, the calcium to silicon ratio in CSH, liquid to solid ratio, and temperature was 42 
investigated, and estimates of apparent activation energy, reaction enthalpy, entropy and Gibbs energy of 43 
the sorption process were derived. Radium sorption on CSH can be described by linear isotherms with Rd 44 
values mostly in the order of 104 L/kg. Radium sorption was found to be an exothermic and spontaneous 45 
reaction probably governed by chemical reaction rather than diffusion. As expected, the presence of EDTA 46 
at low concentrations led only to a small decrease in radium sorption, due to the strong competition of 47 
dissolved calcium for EDTA complexation. A comparison of the sorption behavior of various alkaline earth 48 
elements used as chemical analogues for radium confirmed the significant difference in the Rd values with 49 
sorption on CSH decreasing in the order Ra > Ba > Sr. 50 
 51 
Keywords: radium sorption, isotherm, enthalpy, entropy, Gibbs energy, activation energy 52 
 53 
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 55 
Cementitious materials such as concrete and mortar have a wide spectrum of applications in nuclear 56 

waste management, for example, as construction and backfill materials in near-surface repositories and 57 
geological disposal facilities for radioactive wastes, for solidification of low- and intermediate-level wastes, 58 
and in specific waste containers. Cementitious materials are important barriers in repositories for low- and 59 
intermediate-level radioactive wastes, where 226Ra can be one of the contaminants of concern. Moreover, 60 
they are also intended for use as structural support and plugs, or in some cases, also as backfill material and 61 
buffer, in deep geological repositories for high-level radioactive waste and spent nuclear fuel [1–3]. 62 
Regarding the direct disposal of spent nuclear fuel, 226Ra is one of the most important contributors to dose in 63 
the long term, due to the large amount of 238U present [4]. 64 

For the assessment of the long-term safety of a repository, the retardation mechanisms of 65 
radionuclides on cementitious materials within the engineered barriers need to be understood [5,6]. In 66 
general, the uptake and retention of radionuclides in cementitious materials can be attributed to either, 67 
(i) precipitation of sparingly soluble pure phases, (ii) incorporation into existing or newly formed phases 68 
(e.g., by entrapment or solid solution formation) or (iii) sorption to cement hydration phases or aggregates 69 
[1,7,8]. The composition and properties of hydrated cementitious materials can vary significantly, depending 70 
strongly on the cement formulation and the mixing and curing processes and conditions [9]; thus affecting 71 
the retention behavior of radionuclides. The predominant hydration products in Hardened Cement Pastes 72 
(HCP) are amorphous to nanocrystalline Calcium-Silicate-Hydrates (CSH), besides portlandite (Ca(OH)2), 73 
AFm (Aluminate Ferrite monosulphate) or ettringite (Aluminate Ferrite trisulphate, AFt). In addition to 74 
research on HCP and concrete made from commercial cements, which can provide phenomenological 75 
insights into the radionuclide retention capacities of various cement formulations, studies on individual 76 
hydration phases can provide further insights into radionuclide retention mechanisms [8,10]. 77 

Studies on Ra sorption on cementitious materials are quite rare to date. Due to the ease of working 78 
with (inactive) Sr and Ba, which are considered as potential chemical analogues of Ra [11,12], these are more 79 
often used in sorption studies, despite there being little evidence for the veracity of such comparisons. 80 
Previous studies have shown that the retention of Ra (and other alkaline earth elements such as Ba and Sr) 81 
can predominantly be attributed to sorption by CSH phases [10,13,14]. Ra and Sr (and probably also Ba) 82 
sorption on CSH phases, and accordingly on HCP, is probably governed by cation exchange of e.g., Ra2+ vs. 83 
Ca2+ on edge and planar silanol groups of the CSH phases [12,15,16]. These groups are deprotonated under 84 
the alkaline conditions in cementitious systems and their negative charge neutralized e.g. by Ca. The 85 
exchange proceeds as described for Ra in Eq. (1) 86 

Ca-CSH + Ra2+ ⇐⇒ Ra-CSH + Ca2+.     (1)  87 
The uptake of alkaline earth elements on pure CSH phases is higher compared to commercial 88 

cementitious materials [10,13,15]. The range of distribution ratios (Rd values) of Ra for pure CSH phases 89 
was determined to be in the order of 102 to 104 L/kg depending on the Calcium to Silicon (C/S) ratios of 90 
CSH, with higher Rd values at lower C/S [10,15]. Rd’s for 226Ra on CSH with C/S ratios of 1.4 and 0.9 are in 91 
the order of 103 and 104 L/kg, respectively. Rd values for Sr on CSH were determined in several studies 92 
[12,17]. Here, the Rd values were also found to depend on the C/S ratios and to be significantly lower than 93 
those for Ra – Rd values on CSH with C/S = 1.4 are about 100 L/kg and up to 103 L/kg for C/S = 0.9. Ba 94 
sorption on CSH was reported in [18], where the Rd values were in the range of 103 to 104 L/kg for C/S ratios 95 
of about 0.9; by analogy to Ra and Sr, the Rd for higher C/S ratios can be expected to be lower. 96 

Repositories for highly radioactive heat-producing wastes will feature elevated temperatures over a 97 
significant period after closure. In particular, in the case of early canister failure, radionuclides may come in 98 
contact with aqueous systems at elevated temperatures. Thus, it is necessary to study (i) the effect of 99 
temperature on the cementitious material itself and (ii) on the sorption of radionuclides. Changes in the 100 
radionuclide retention capacity of cementitious materials at elevated temperatures might be caused by 101 
changes in radionuclide solubility and speciation as a function of temperature, changes in the phase 102 
assemblage of the HCP, recrystallization effects and changing surface properties of the solids, or due to 103 
changes in the chemical process of the sorption itself [19,20]. Investigations of Sr sorption on hydrothermally 104 
altered cementitious materials (at temperatures up to 70°C) indicated a decrease in Sr sorption with increasing 105 
alteration temperature [21]. However, to our knowledge there are no studies so far addressing temperature 106 
effects on Ra sorption to cementitious materials or other solids. 107 

Organic materials are present in some nuclear waste streams, e.g. as paper, gloves, over-clothing, 108 
flasks, filters, seals, cables, ion exchange resins, oils or detergents (e.g. EDTA, NTA) etc., and can potentially 109 
influence the performance of the disposal system, especially in the context of low and intermediate level 110 
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waste disposal [22–24]. In cementitious materials such as concrete, organic materials are directly present as 111 
part of the cement matrix, since additives like plasticizers and superplasticizers added to allow for enhanced 112 
workability are generally based on organic compounds, which can influence the speciation and sorption 113 
properties of cements (e.g., [25,26]). Moreover, there may also be organic materials that get into the 114 
repository unintentionally. The source of these organic materials can be microorganisms and small plants in 115 
storage tunnels, organic material entering through ventilation together with building materials, or human 116 
activity [27]. All these organic materials, and in particular their degradation products, can affect the migration 117 
and mobility of radionuclides in a nuclear waste repository, as the formation of organic complexes in solution 118 
with some radionuclides of interest can (i) increase radionuclide solubility, and (ii) decrease radionuclide 119 
sorption [28]. Moreover, the organic degradation products may sorb to the cementitious materials thus 120 
reducing the number of surface sites available for radionuclide sorption, or may form substances with suitable 121 
properties to capture radionuclides [27]. 122 

The main aim of this study was to investigate the equilibrium Rd values of the sorption of radium to 123 
CSH as the main Ra-sorbing phase in cementitious materials and their temperature dependency, and to 124 
determine the related thermodynamic quantities. Moreover, for the first time the influence of organic ligands 125 
on Ra sorption to cementitious materials was evaluated using EDTA as an example, since it can form strong 126 
complexes with alkaline earth elements [29]. Furthermore, the use of Ba and Sr as analogue elements to 127 
assess the retention of 226Ra was explored further. 128 
 129 
MATERIALS AND METHODS 130 

 131 
Materials 132 
 133 
CSH 134 
 135 

Synthetic CSH phases with different C/S ratios (i.e. 0.9, 1.0, 1.2 and 1.4) were prepared following 136 
the procedure of [30] as described in detail in [10]; i.e. synthesized from CaO (produced from ignited CaCO3), 137 
amorphous fumed SiO2 and deionized H2O in an inert gas atmosphere. The structure of the synthesized phases 138 
was confirmed by X-Ray Diffraction analysis, which revealed the presence of small amounts of CaCO3 in 139 
the samples. All synthesized CSH phases contained significant amounts of water (more than 50% by weight), 140 
which was taken into account in the preparation of the sorption experiments. 141 
 142 
Radionuclides 143 
 144 

The isotopes of interest, i.e., 226Ra, 90Sr and 133Ba were studied to compare the sorption isotherms 145 
of the different alkaline earth elements on CSH. Radioactive isotopes of Sr and Ba were used to avoid 146 
potential problems in the data analysis due to the ubiquitous presence of natural isotopes of these elements 147 
in cementitious materials. In the experiments focused on the temperature dependency of Ra sorption to CSH, 148 
223Ra (commonly used in radiotherapy) was used as substitute for 226Ra. 223Ra is predominantly an α emitter 149 
(half-life = 11.43 days) that decays to 219Rn with a final decay product of 207Pb. The radon isotope 219Rn has 150 
a half-life of only 4 seconds. The advantage of the much shorter half-life of 219Rn compared to 222Rn is that 151 
it is safer to work with. The isotope 223Ra was obtained as the product Xofigo (radium-223 dichloride in 152 
solution) used for the treatment of prostate and bone cancer in hospitals. 153 
 154 
Methods 155 
 156 
Sorption experiments 157 
 158 

The sorption of Ra (and Ba and Sr) to CSH was investigated using batch type experiments carried 159 
out in plastic ampoules under inert gas atmosphere in a glove-box (N2 atmosphere, < 50 ppm CO2), as CSH 160 
is sensitive to carbonation in the presence of atmospheric CO2. After the required reaction time and 161 
centrifugation (5,000 rpm, 10 min), samples of the liquid phase were taken and analyzed for the remaining 162 
radionuclide activity in solution.  163 

The required equilibration times were determined in kinetic experiments. The kinetic experiments 164 
were performed with CSH with a C/S ratio of 1.0 at Liquid to Solid (L/S) ratios of 250 and 500 L/kg at 165 
temperatures of 22, 50 and 80°C (these data were also used for the estimation of activation energies) and 166 
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with C/S ratio 1.2 at L/S = 500 L/kg and 22°C in the presence and absence of Na2EDTA (Ethylene Diamine 167 
Tetraacetic Acid disodium salt dihydrate, C10H14N2Na2O8 · 2H2O, hereinafter referred to as EDTA), 168 
respectively. The experiments confirmed that a duration of 4 days (96 h) was appropriate to achieve 169 
close-to-equilibrium steady state, i.e. virtually zero concentration changes of the radionuclide activity in 170 
solution (cf. [13]) in all experimental setups. 171 

For studying the temperature dependency of the Ra sorption, CSH with C/S ratios of 1.0 and 1.2 172 
were used. The sorption experiments were carried out at 22 and 80°C in solutions saturated with the 173 
respective CSH phase for 4 days, using L/S ratios varying between 100 to 1,000 L/kg (6 mL of liquid phase) 174 
and initial 223Ra concentrations of approx. 2.5∙10-12 mol/L. The pH of the equilibrium solutions prepared were 175 
determined to be 10.7 (CSH 1.0) and 10.5 (CSH 1.2), using a combined pH electrode (Radiometer 176 
Analytical). 177 

CSH with a C/S ratio of 1.2 was used to determine the effect of the presence of EDTA on Ra 178 
sorption. The experiments were performed in the same way as described above (i.e., with respect to duration, 179 
L/S, c(223Ra)) at room temperature (22°C), using an EDTA concentration of 5∙10-5 mol/L.  180 

To investigate the effect of the aging of CSH phases on their sorption properties, the sorption of 181 
223Ra on CSH C/S = 1.2 of different ages (freshly prepared, age 3 months, and age 12 months; no special 182 
treatment applied, material stored as powder in a glove box) at the same conditions as mentioned above 183 
(regarding duration, L/S, c(223Ra), temperature) was compared.  184 

For comparison of the sorption of Ra (226Ra), Sr (90Sr) and Ba (133Ba) to CSH with various C/S ratios 185 
(0.9, 1.2 and 1.4), experiments were performed using an L/S ratio of 200 L/kg with radionuclide 186 
concentrations in the range of 4·10-10-8·10-7 mol/L, which were achieved in the cases of Sr and Ba by the 187 
addition of a carrier (Sr(OH)2 and Ba(OH)2, respectively). These sorption studies were performed at room 188 
temperature and lasted for three weeks (approx. 500 hours). 189 
 190 
Analysis of radionuclides 191 
 192 

Ra and Ba isotopes in the liquid phase were measured by gamma spectroscopy mostly with HPGe 193 
detectors (226Ra: HPGe detector system, type: EGC 35 195 R, EurisysMesures, spectrometer system obtained 194 
from EG & G Ortec, GammaVision® Model A66 B32 software version 5.20, 223Ra: HPGe detector system, 195 
type GEM40P4 with Ortec DSPEC jr 2.0, Maestro software version 7.0, or NaI(Tl) well type detector; 133Ba: 196 
HPGe detector, PGC 2018, DSC: detector system GmbH, Gamma W for Windows version 2.55); for 90Sr 197 
Liquid Scintillation Counting (LSC) was used (1220l Quantulus, Perkin Elmer, Winq software version 1.2). 198 

Due to the relatively short half-life of 223Ra, the observed decrease of radioactivity in the liquid 199 
phase caused by the Ra uptake on the solid cementitious material had to be decay corrected. Furthermore, 200 
the sorption on the walls of the experimental vials was determined across all conditions and included during 201 
evaluation of the experiments. The sorption on walls was found to be about 10% of the initial radionuclide 202 
activity. Based on parallel determinations of large number of experiments on radium sorption on CSH, 203 
sorption on the ampoule walls and analysis of all possible sources of measurement error, the average error of 204 
the obtained sorption data was set to 10%. 205 
 206 
Evaluation of sorption data 207 
 208 

The uptake of the radionuclides by CSH is characterized here in terms of the distribution ratio, Rd, 209 
between liquid and solid phases, calculated according to Eq. (2) 210 

𝑅d =
𝐴init−𝐴t

𝐴t
∙

𝑉

𝑚
 ,      (2) 211 

where Ainit is the initial activity concentration of the radionuclide in solution, and At corresponds to 212 
the activity concentration at time t, respectively, both in the unit of activity (Bq), V (L) is the volume of the 213 
liquid phase, and m (kg) the mass of solid phase used in the experiment. 214 

Besides calculation of Rd values, the data were evaluated using sorption isotherms. In previous work 215 
[13], the sorption of radium on various cementitious materials (i.e. HCP and concrete prepared from CEM I, 216 
CEM II and CEM III) in low concentrations (≈10-12 mol/L) was described using Langmuir isotherms. 217 
However, the sorption of radium on CSH is, according to the literature [10,15] and previously obtained results 218 
in [13], fairly constant for different L/S ratios (100-1,000 L/kg). Therefore, it is more appropriate to use a 219 
simpler description with a linear isotherm by employing a Kd-model (Eq. (3)), especially when dealing with 220 
very low radionuclide concentrations. This isotherm is defined as 221 
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𝑞 = 𝐾𝑑 ∙ 𝑐,      (3) 222 
where q (mol/kg) is the equilibrium concentration in the solid phase, c (mol/L) is equilibrium 223 

concentration in the liquid phase and Kd (L/kg) is the distribution coefficient, dimensionally identical to the 224 
distribution ratio Rd. 225 
 226 
Thermodynamic evaluation 227 
 228 

The influence of the temperature on the sorption of 223Ra is described using the apparent activation 229 
energy EA (J/mol) and changes in enthalpy ΔH (J/mol) and entropy ΔS (J/mol∙K). Enthalpy and entropy were 230 
obtained from the linear dependence of lnKd as a function of 1/T – Eq. (4) 231 

𝑙𝑛 𝐾𝑑 = −(∆𝐻
𝑅⁄ ) ∙ 1

𝑇⁄ + ∆𝑆
𝑅 ⁄ ,    (4) 232 

where R is the gas constant (8.314 J/mol∙K) and T (K) is temperature. Equation (4) is derived based 233 
on the van’t Hoff equation for low concentrations of a given component in the liquid phase, if the quantity 234 
Kd can be considered constant in time (thermodynamic relations for the change of Gibbs energy were used 235 
to derive the equation) [31]. 236 

The Gibbs energy (or the Gibbs free energy or free enthalpy) ΔG (J/mol) describing isobaric and 237 
isothermal processes can be determined based on the changes in entropy and enthalpy according to Eq. (5) 238 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆.      (5) 239 
Apparent activation energies of Ra sorption to CSH were derived via the Arrhenius equation by 240 

plotting lnk as a function of 1/T – Eq. (6) 241 

𝑙𝑛𝑘 =  𝑙𝑛𝐴 − 
𝐸𝐴

𝑅𝑇 ⁄ ,     (6) 242 
where k (s-1) is a kinetic coefficient and A (L/mol∙s) is the frequency factor. The kinetic coefficients 243 

were determined in the course of the evaluation of kinetic experiments with one of the following models of 244 
possible rate-controlling processes: mass transfer (or two-film model) (DM), Film Diffusion (FD), Diffusion 245 
in Inert layer (ID) and Chemical Reaction (CR) [see Supplemental Table S1]. A detailed derivation of the 246 
models can be found in [32] and [33], respectively. All models are also described in detail in [13]. 247 
The decreasing Ra concentrations in the aqueous phase, -dc/dt, were compared to the values computed with 248 
the individual kinetic models after each experimental time-step. The best model was selected using the 249 
parameter Goodness-of-Fit (GoF, GoF = χ2/degrees of freedom, described in detail in [13]), for the GoF, it 250 
holds that the value should be as low as possible, preferably 0.1 < GoF < 20 [34]. 251 

Determining the change in reaction enthalpy, i.e. whether the reaction is endothermic or exothermic, 252 
is important for the design of operating systems, where it is necessary to ensure the removal of reaction heat. 253 
Otherwise, there is a risk of damage not only to the equipment itself, but also to the change in reaction 254 
conditions and the composition of the reaction products. The change in Gibbs energy is an essential criterion 255 
for assessing the natural direction of a given reaction. Activation energy represents the minimal amount of 256 
energy needed to complete a chemical reaction. Many particles have sufficient energy to react, but some 257 
reactions must be initiated by supplying energy (e.g. heat) or with a catalyst. 258 
 259 
Speciation calculations 260 
 261 
To aid interpreting the batch sorption experiments in presence of EDTA, the aqueous speciation of the 262 
components in solution and saturation indices of relevant phases were calculated using the geochemical code 263 
PhreeqC Ver. 3.5.0 [35]. The ThermoChimie v.10d thermodynamic database (Consortium Andra – 264 
Ondraf/Niras – RWM; [36,37]) was used for the thermodynamic modelling. Data for the 265 
Ra(EDTA)2- complex were taken from [29]. The activities of aqueous species were calculated using the 266 
specific ion interaction (SIT) approach (cf. [38–40]). The equilibrium constants and the ion interaction 267 
coefficients used in the thermodynamic calculations are included in [Supplemental Tables S2 and S3]. 268 
 269 
RESULTS AND DISCUSSION 270 
 271 
Effects of temperature on radium sorption 272 
 273 
Distribution ratios and sorption isotherms 274 
 275 
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Kinetic experiments confirmed that 4 days is sufficient to reach steady state for 223Ra sorption onto 276 
CSH for both C/S ratios at all temperatures.  277 

In the equilibrium experiments with the CSH with C/S 1.0, the Rd values were determined at 22 and 278 
80°C (evaluated in Fig. 1, top left, as a function of L/S). The values for the temperature of 22°C vary in the 279 
range of 35,500 to 60,600 L/kg, with an average value of Rd(22°C) = 44,838 ±4,605 L/kg (Table 1). These 280 
values are two to twenty times higher than published ones (e.g. [10,14,15]), which is probably due to the use 281 
of the higher radium concentrations in the aforementioned publications, namely in the order of 282 
10-10-10-6 mol/L. Rd values determined at 80°C were in the range of 41,500 to 49,500 L/kg, with an average 283 
value of Rd(80°C) = 45,176 ±4,640 L/kg (Fig. 1, top left). The Rd values for both temperatures can be 284 
considered comparable within the experimental error and measurement uncertainty. What is important is the 285 
change in the gradient (i.e. steepness) between the 223Ra isotherms of temperatures 22 and 80°C (cf. Fig. 1, 286 
top right), which indicates a reduction of sorption capacity with temperature, thus suggesting an 287 
exothermicity of the sorption reaction. This corresponds to the previously determined sorption behavior of 288 
223Ra on real cementitious materials [13], where a significant change in the shape of the isotherms with 289 
temperature was observed. Linear isotherms were obtained by fitting the experimental data with the Kd-model 290 
(Eq. (3)) using the linear regression method. The slopes of these lines give the following Kd values: 291 
Kd(22°C) = 50,933 ±4,158 L/kg and Kd(80°C) = 42,324 ±1,858 L/kg (Table 1), which, in contrast to the average 292 
Rd values, unambiguously confirm that Kd(22°C) > Kd(80°C). 293 

The same comparison was performed for the 3 months old CSH C/S 1.2 material with similar 294 
conclusions. The Rd values determined at 22°C were in the range of 15,500 to 29,700 L/kg, with an average 295 
value of Rd(22°C) = 21,706 ±2,887 L/kg. This value is approximately four times higher than the value published 296 
in [14] for CSH with the same C/S ratio. Rd values determined at 80°C were in the range of 8,500 to 297 
20,500 L/kg, with an average value of Rd(80°C) = 15,823 ±2,105 L/kg (Fig. 1, bottom left). Also in this case, 298 
the significant change in the slope of the 223Ra isotherms at temperatures 22 and 80°C (cf. Fig.  1, 299 
bottom right) is observed. The Kd-model determines the Kd to be Kd(22°C) = 26,028 ±2,677 L/kg and 300 
Kd(80°C) = 9,065 ±1,066 L/kg, which is in quite good agreement with the average Rd value (Table 1). 301 

The Rd values of CSH C/S 1.2 are lower than the values of C/S 1.0 (cf. Table 1), which is in 302 
agreement with previous research [10,14,15]. What is more, in the comparison of the isotherms at the same 303 
temperature for two C/S ratios of CSH, the sorption capacity increases with lower C/S ratio as the isotherm 304 
for C/S 1.0 is steeper for both temperatures. The same finding was obtained in the comparison of sorption of 305 
Ra, Ba and Sr on CSH with different C/S ratios mentioned below. 306 

From Fig. 1 (right), the important finding is that the isotherms for 80°C in general lie below the 307 
isotherms for 22°C – i.e. the sorption capacity is reduced with the changing slope of the isotherm with 308 
increasing temperature. This indicates the exothermic character of the sorption reaction, i.e., the decrease in 309 
the value of the equilibrium constant with temperature. This difference between the isotherms can lead to the 310 
assumption that the rate controlling process is dependent on temperature. It should be noted that the reduction 311 
in sorption capacity due to higher temperature, unfortunately, is not apparent from a comparison of the 312 
determined Rd values (cf. Table 1) probably due to the uncertainty of the measurement.  313 

This uncertainty can be related to the very low concentration of 223Ra in solution (≤ 10-12 mol/L), 314 
which can lead to uncertainty itself or anomalous behavior shown as the Rd(80°C) > Rd(22°C) in some cases in 315 
Fig. 1. 316 

Other source of uncertainty can be related to the significant volume of water present in the CSH 317 
(more than 50%) despite correction for water weight, because the water content can influence the 318 
homogeneity of the material. This is more pronounced in experiments where rather small amounts of CSH 319 
are used (i.e. higher L/S, especially L/S = 1,000 L/kg). 320 

In general, the Kd-model (compared to Langmuir or Freundlich isotherm) is used for the linear 321 
isotherm description, which is the case in the region of very low concentrations, despite its simplicity. The 322 
knowledge of the sorption isotherm, especially the relevant model, is one of the data needed to characterize 323 
the sorbent and the system as a whole. These data are needed for example in the design of technological 324 
parameters of the sorption process. 325 

 326 
Derivation of thermodynamic quantities of radium sorption to CSH 327 
 328 

The entropy and enthalpy of sorption of 223Ra on CSH C/S 1.0 and C/S 1.2 were estimated from the 329 
Kd values resulting from the application of the Kd-model as described in Eq. (4) and shown in Fig. 2 (left). 330 
The Gibbs energies were determined for the temperatures used (22 and 80°C) according to Eq. (5) 331 
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(cf Table 2). The thermodynamic quantities determined from the experimental measurement of sorption 332 
cannot directly be assigned to a particular sorption mechanism. 333 

The values of change in entropy (Table 2) are generally very small, but positive, for both C/S ratios. 334 
These values were used for the determination of the change of Gibbs energy together with values of the 335 
change in enthalpy. Enthalpy change values are negative, which corresponds to an exothermic reaction. Based 336 
on the experimental determination for only 2 different (and relatively similar) C/S ratios, no statement on the 337 
dependence of these quantities on C/S is given here. The change in values of Gibbs energy is generally very 338 
small, but negative. It can therefore be assumed that the sorption process is spontaneous. On the other hand, 339 
a small effect of temperature on the Gibbs energy is evident here, since the absolute value of change in Gibbs 340 
energy increases with temperature. When comparing ΔG for two different C/S ratios, it is also not possible 341 
to reach a clear conclusion, as the data are comparable within experimental error. 342 

In [10], the values of enthalpy and entropy change of exchange of Ra from solution with an interlayer 343 
Ca in CSH were estimated from DFT calculations (Density Functional Theory) for three C/S ratios. The 344 
values for C/S 1.0 (ΔH = -10.8 kJ/mol, ΔS = 83.8 J/mol∙K [10]) are comparable to the values given in 345 
Table 2. However, value of Gibbs energy presented in [10] for C/S 1.0 is ΔG = 14.2 kJ/mol, which does not 346 
correspond to the obtained results (negative ΔG) or the assumption of spontaneity of the chemical process, 347 
though, this value is determined with an error estimate of 20 kJ/mol. Besides, in [10] a clear decrease of 348 
enthalpy and Gibbs energy change with decreasing C/S was observed, which was only partly confirmed here, 349 
as the values are more likely comparable. What must be noted is that the values in [10] are determined by the 350 
different method (DFT modelling) for a specific ion exchange process. 351 

The kinetic dependencies of the sorption of 223Ra on CSH C/S 1.0, L/S 250 and 500 L/kg for 3 352 
temperatures (22, 50 and 80°C) were evaluated with different kinetic models. The model describing diffusion 353 
in an inert layer (ID) was determined as the most appropriate based on the values of GoF. 354 

Activation energies for Ra sorption were determined for L/S 250 and 500 L/kg as described in 355 
Eq. (6) and shown in Fig. 2 (right). Although equilibrium experiments do not show a dependence on L/S, the 356 
kinetic experiments cannot be evaluated independently of L/S because the kinetics curves for different L/S 357 
cannot be averaged. However, this does not necessarily mean that a dependence of EA on L/S can be described 358 
since we compare only two values of the estimate of this quantity. Fig. 2 (right) shows that the kinetic 359 
coefficient determined at 50°C and L/S = 250 L/kg was not used, since in this case the coefficient of the ID 360 
model was deemed unsuitable with respect to the GoF value. Nevertheless, kinetic coefficients obtained from 361 
the ID model were used for the evaluation of the following apparent activation energy values: 362 
EA(L/S 250) = 24.5 ±3 kJ/mol and EA(L/S 500) = 67.6 ±9 kJ/mol. These values suggest both diffusion (lower EA) 363 
and chemical reaction (higher EA) as rate-controlling process, respectively. However, the boundary between 364 
these controlling processes in terms of EA values is not exactly clear (generally from experience it can range 365 
from 15 to 30 kJ/mol, occasionally 40 kJ/mol). Thus, taking into account the significant change in the slope 366 
of the isotherms with temperature, it can be assumed that the rate-controlling process is probably a chemical 367 
reaction, which is generally more influenced by temperature than diffusion. 368 
 369 
Effects of CSH aging on radium sorption 370 
 371 

The radionuclide sorption properties of CSH in cementitious barrier materials can be subject to 372 
changes over time, e.g. due to recrystallization processes and changes in C/S ratios (i.e. decrease in C/S) due 373 
to leaching processes caused by groundwaters [41,42]. To address changes in Ra sorption by CSH due to 374 
isochemical aging processes, sorption experiments with CSH (C/S ratio 1.2) of different ages were 375 
performed. In Fig.  3 (left), the sorption isotherms for 223Ra are shown for the three investigated materials. 376 
A significant difference in the distribution ratios Rd was observed for the CSH of different ages, with Rd 377 
values increasing with the age of the material leading to steeper linear isotherms. Thus, the material evidently 378 
changes over time, which can be caused, for example, by a slow degradation of the CSH material, which is 379 
assumed to be placed in an inert atmosphere in a glove box. However, neither the box nor the storage 380 
containers are completely airtight. Thus, contact with atmospheric CO2 and conversion to CaCO3 may 381 
probably occur, leading to a decrease in C/S ratio and consequently to an increase of sorption. 382 

The isotherms presented in Fig. 3 (left) show an increase of the Rd values with increasing age of 383 
material, the average Rd’s are: Rd(0 m) = 14,716 ±1,619 L/kg, Rd(3 m) = 21,706 ±2,887 L/kg and 384 
Rd(12 m) = 31,193 ±4,311 L/kg. Kd values obtained from the evaluation with the Kd-model are (cf. Fig. 3, left. 385 
Table 1): Kd(0 m) = 15,653 ±1,560 L/kg, Kd(3 m) = 26,028 ±2,677 L/kg and Kd(12 m) = 29,541 ±1,288 L/kg. 386 
A more pronounced change in sorption properties can be seen during the first three months than during further 387 
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aging from month 3 to month 12. Besides the increase of Rd or Kd with age of the material it is evident that 388 
the individual data points of the younger material (age 0 month) are more widely scattered around the 389 
isotherms, whereas at higher age, the data points fit much better to the proposed linear isotherm. This also 390 
contributes to the assumption that the material changes over time. 391 

This phenomenon of increasing Ra sorption with ageing of CSH over the timescale of several 392 
months may provide also and explanation for an apparent inconsistency observed when comparing 226Ra – 393 
as well as 90Sr and 133Ba (Table 1) - sorption on CSH with different C/S ratios (0.9, 1.2 and 1.4). Here, despite 394 
the generally assumed decrease of Rd with increasing C/S (cf. [10,12,15,18]), the Rd values for C/S = 1.2 395 
were lower than those for C/S = 1.4 (Fig. 3, right, Table 1). This might be due to the fact that the materials 396 
with C/S 0.9 and 1.4 were already several months old, while the material with C/S 1.2 was freshly prepared 397 
and its Ra (Sr and Ba) sorption capacity was therefore lower than for CSH 1.2 of similar age as the other two 398 
materials.  399 
 400 
Effects of EDTA on radium sorption to CSH 401 
 402 

In Fig. 4 the 223Ra uptake by CSH (C/S = 1.2, age 12 months) in presence and absence of EDTA is 403 
depicted. The distribution ratios, Rd = f(L/S), show that the addition of EDTA leads to a slight decrease in Ra 404 
uptake (cf. Fig. 4, left). The Rd values determined without EDTA are in the range of 28,400 to 37,000 L/kg, 405 
with an average value of Rd = 31,193 ±4,311 L/kg. This value is approximately six times higher than the Rd 406 
value published for this C/S ratio in [14]. Rd values determined in the presence of EDTA are in the range of 407 
22,100 to 31,500 L/kg, with an average value of Rd(EDTA) = 27,207 ±3,677 L/kg. The evaluation of the 408 
isotherms with the Kd-model provides Kd = 29,541 ±1,288 L/kg (in absence of EDTA) and 409 
Kd(EDTA) = 22,341 ±1,558 L/kg in the system with the organic ligand (cf. Fig. 4, right), which is in quite good 410 
agreement with the average Rd values (Table 1). Based on the Kd values, a Sorption Reduction Factor (SRF), 411 
defined as  412 

SRF =  
𝐾d 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠

𝐾d 𝑤𝑖𝑡ℎ 𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠
 ,     (7) 413 

of 1.3 can be estimated for Ra sorption on CSH due the presence of EDTA. 414 
At the investigated EDTA concentration of 5·10-5 mol/L, the sorption of 223Ra on CSH is only 415 

slightly reduced as expressed by the rather small sorption reduction factor, despite the generally strong 416 
complexation of radium by EDTA [29]. A comparison with data in [43] shows a generally high variability 417 
of sorption reduction factors for various radionuclides (e.g., Pu, Ni, Eu) due to the presence of diverse organic 418 
substances (e.g., EDTA, ISA, gluconate) in cementitious systems, with sorption reduction factors varying 419 
between unity and several thousands. Generally, the ability of EDTA and other organics to form complexes 420 
with radionuclides in a cementitious environment is strongly affected by the high pH and high Ca 421 
concentrations, the stability of relevant Ca-organic complexes and the concentration of the organic ligand. 422 
Since the stability of the EDTA complexes of alkaline earth elements decreases in the order 423 
Ca-EDTA2- > Sr-EDTA2- > Ba-EDTA2- > Ra EDTA2- [44], an influence of EDTA on the speciation of 424 
radium and hence radium sorption is only possible if the EDTA concentration exceeds the concentration of 425 
calcium, which is generally high in pore waters of cementitious materials ([Ca]total > 1·10-3 mol/L). In Fig. 5, 426 
the calculated speciation of radium (cRa = 1·10-12 mol/L) in a solution containing 1·10-3 mol/L Ca at two 427 
EDTA concentrations (5·10-5 and 5·10-3 mol/L) is shown as function of pH. Two other concentrations of 428 
EDTA (0 and 5·10-4 mol/L) were also used for calculations, but the results are similar as in the case of 429 
5·10-5 mol/L for the absence of EDTA, and in the case of 5·10-4 mol/L the result differs from the presented 430 
case (5·10-5 mol/L) only in hundredths of a percent. In alkaline conditions and in absence of EDTA, Ra is 431 
present in solution mainly as free Ra2+ ion, with increasing contributions of RaOH+ with increasing pH. The 432 
calculations show that only at an EDTA concentration exceeding the one of Ca, Ra is predominantly present 433 
as Ra-EDTA2-; otherwise, the EDTA is complexed almost completely by Ca in the form of the 434 
Ca-EDTA2- complex and effectively not available for the complexation of radium [cf. Supplemental Fig. S1]. 435 
Additional thermodynamic calculations of the radium speciation in a solution in equilibrium with CSH1.2 436 
(pH 11.3; cCa = 1.82·10-3 mol/L) revealed that at the experimental conditions (cRa = 1·10-12 mol/L), with and 437 
without the presence of 5·10-5 mol/L EDTA, 99.5% of the radium are present as Ra2+, with the remaining 438 
part represented by RaOH+. Thus, the rather marginal effect of EDTA on the reduction of radium sorption in 439 
the experiment is due to the lack of changes in the radium speciation as a consequence of the complexation 440 
of virtually all the EDTA by Ca; the observed slight sorption reduction might be caused by small variations 441 
in the composition of the solution, ionic strength etc. or a minor change in the solid phase (e.g. Ca leaching), 442 
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due to the presence of EDTA. In [45] an EDTA concentration of 0.01 mol/L is proposed as no-effect 443 
concentration, i.e., the concentration below no sorption reduction occurs, with respect to the sorption of Ra 444 
in cementitious systems. 445 
 446 
Comparison radium, barium, and strontium sorption to CSH 447 
 448 

From previous studies, a decreasing affinity for the sorption of alkaline earth elements to CSH 449 
phases in the order Ra > Ba > Sr can be inferred [10,12,15,18], indicating that in particular Sr cannot be used 450 
as meaningful analogue for quantification of the Ra uptake in cementitious systems [10,13]. However, in 451 
these studies usually only single radionuclides were studied using CSH prepared by slightly different methods 452 
and with various C/S ratios and specific surface areas. To overcome these difficulties in comparing the 453 
sorption of the alkaline earths, sorption experiments with radium, barium and strontium using the same CSH 454 
material as sorbent were performed. In Fig. 6, Rd values for the uptake of 226Ra, 133Ba and 90Sr on CSH (C/S 455 
ratios 0.9 and 1.4) are compared (cf. Table 1). This comparison confirms:  456 

1) the distribution ratios of studied radionuclides are independent of the concentration in solution in 457 
the investigated concentration range; 458 

2) Ra sorption is strongest with Rd in the range of thousands L/kg (average Rd(C/S 0.9) 459 
= 19,374 ±3,750 L/kg, Rd(C/S 1.4) = 1,981 ±383 L/kg) and Sr sorption is the weakest at about 102 L/kg 460 
(Rd(C/S 0.9) = 293 ±18 L/kg, Rd(C/S 1.4) = 108 ±7 L/kg), while distribution ratios for Ba show intermediate values 461 
in the range from hundreds to thousands L/kg (Rd(C/S 0.9) = 4,919 ±751 L/kg, Rd(C/S 1.4) = 636 ±97 L/kg); and 462 

3) for all investigated alkaline earth elements, the sorption to CSH increases with decreasing C/S 463 
ratio.  464 

These findings are in good agreement with the literature (see, e.g., for Ra [10,15], for Ba [18] and 465 
for Sr [12]). 466 

In the investigated concentration range, the sorption isotherms of all elements reveal a linear shape 467 
as shown in Fig. 6 (right). The Kd’s obtained from the Kd-model fitting the experimental data are in very good 468 
agreement with the average values of Rd, and the values are as follows: radium – Kd(C/S 0.9) 469 
= 19,240 ±387 L/kg, Kd(C/S 1.4) = 1,818 ±49 L/kg, barium – Kd(C/S 0.9) = 4,221 ±36 L/kg, 470 
Kd(C/S 1.4) = 572 ±5 L/kg and strontium – Kd(C/S 0.9) = 309 ±4 L/kg, Kd(C/S 1.4) = 112 ±1 L/kg. 471 

However, though the sorption behavior of the elements is similar in principle, the use of Ba or Sr to 472 
estimate Rd values of Ra, e.g., for safety assessments, does not seem appropriate. 473 
 474 
CONCLUSIONS 475 

 476 
The sorption of radium in very low concentrations on CSH was determined in a wide range of 477 

conditions (temperature, C/S ratio, L/S ratio, age of material, absence/presence of EDTA). Radium sorption 478 
on CSH between 20 and 80°C can be described with a linear isotherm (Kd-model) and radium sorption on 479 
CSH decreases as the temperature increases. For the first time, an estimate of activation energy, enthalpy, 480 
entropy and Gibbs energy of Ra sorption on CSH was made. Sorption of Ra on CSH has the character of an 481 
exothermic and spontaneous reaction taking place in the transition region probably controlled more by 482 
chemical reaction rather than diffusion. A significant effect of the age of the solid material on its sorption 483 
properties was observed with the Rd values increasing with the age of the material. Only a small reduction of 484 
the Rd value of radium sorption in presence of EDTA at concentrations below those of calcium was observed, 485 
leading to a sorption reduction factor 1.3, probably due to the limited availability of EDTA for complexation 486 
of radium, due to the high affinity of EDTA for complexation with Ca.  487 

Comparison of the sorption of the 3 alkaline earths elements Ra, Ba and Sr on CSH at higher 488 
concentration range confirmed the linear sorption of these elements but with significantly different values of 489 
the distribution ratios, decreasing in the order Ra > Ba > Sr. 490 
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NOMENCLATURE 505 
 506 

A frequency factor, L/mol∙s 

Ainit initial radionuclide activity, Bq 

At radionuclide activity at time t, Bq 

c radionuclide concentration in solution, mol/L 

EA apparent activation energy, J/mol 

F fraction 

G Gibbs energy, J/mol 

H enthalpy, J/mol 

k kinetic coefficient, s-1 

Kd distribution coefficient, L/kg 

L/S Liquid to Solid ratio, L/kg 

m mass, kg 

q radionuclide concentration in the solid phase, mol/kg 

R gas constant, 8.314 J/mol∙K 

Rd distribution ratio, L/kg 

S entropy, J/mol∙K 

T temperature, K 

t time, s 
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V volume, L 

Δ difference 

χ2 chi-square value 

 

AFm Aluminate Ferrite monosulphate 

AFt Aluminate Ferrite trisulphate, ettringite 

CEBAMA CEment BAsed MAterials, European project 

CEM I, II, III CEMent type I, II or III 

CORI Cement-Organics-Radionuclide-Interactions, European project 

CR Chemical Reaction, kinetic model 

CSH Calcium-Silicate-Hydrate 

C/S Calcium to Silicon ratio 

DFT Density Functional Theory 

DM two-film model, kinetic model 

EDTA Ethylene Diamine Tetraacetic Acid 

EURAD European Joint Programme on Radioactive Waste Management 

Euratom European Atomic Energy Community 

FD Film Diffusion, kinetic model 

GoF Goodness-of-Fit 

HCP Hardened Cement Paste 
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HPGe High Purity Germanium radiation detector 

ID Diffusion in Inert layer, kinetic model 

ISA ISosaccharinic Acid 

LSC Liquid Scintillation Counting 

NTA NitriloTriacetic Acid 

SRF Sorption Reduction Factor 

SÚRAO Czech Radioactive Waste Repository Authority 

 507 
508 
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Figure Captions List 682 
 683 

Fig. 1 Distribution ratios of 223Ra sorption on CSH C/S 1.0 (top left) and CSH C/S 1.2 (3 months, 

bottom left) as function of L/S ratio and evaluation of sorption isotherms (right) for 22 and 

80°C. The data points presented in Fig. 1 (right) are shown here for two parallel 

determinations to demonstrate the uncertainty more clearly. 

Fig. 2 Plots used for the determination of enthalpy and entropy (left) for sorption of 223Ra on 

CSH C/S 1.0 and 1.2 for the distribution coefficient obtained from Kd-model. Activation 

energy (right) of sorption of 223Ra on CSH C/S 1.0 for L/S 250 and 500 L/kg. Presentation 

of error bars of kinetic coefficient k as lnk is not possible. 

Fig. 3 Influence of CSH C/S 1.2 age on 223Ra sorption isotherms (left) - data points refer to two 

parallel determinations to demonstrate the uncertainty more clearly. Error bars are omitted 

for the sake of clarity. Comparison of Rd values of 226Ra sorption on CSH with different 

C/S ratios (right); materials with a C/S ratio of 0.9 and 1.4 were several months old, while 

C/S 1.2 was freshly prepared. 

Fig. 4 Distribution ratios of 223Ra sorption on CSH (C/S = 1.2; age 12 months) with and without 

presence of EDTA (c = 5∙10-5 mol/L) as function of L/S ratio (left) and evaluation of 

sorption isotherms (right). The data points presented in Fig. 4 (right) are shown here for 

two parallel determinations to demonstrate the uncertainty more clearly. 

Fig. 5 Calculated radium speciation (cRa = 1·10-12 mol/L) in a solution containing 1·10-3 mol/L 

Ca at two EDTA concentrations (5·10-5 and 5·10-3 mol/L) as function of pH. F refers to 

fraction, n.b. two vertical axes in the right hand figure. 

Fig. 6 Comparison of sorption of 226Ra, 133Ba and 90Sr on CSH with C/S 0.9 and 1.4 in form of 

the Rd (left) and sorption isotherms (right). Error bars are omitted for the sake of clarity 

because of the logarithmic scale. 
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Table Caption List 686 
 687 

Table 1 Summary of all observed distribution ratios (average Rd) and Kd obtained using the 

Kd-model. All Rd and Kd are in (L/kg). 

Table 2 Entropy, enthalpy and Gibbs energy of sorption of 223Ra on CSH C/S 1 and C/S 1.2 (age 

3 months) calculated for Kd obtained using the Kd-model. As can be seen, the Gibbs energy 

is calculated for the temperatures used in the experiment. 
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Fig. 1  690 
 691 
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Fig. 2 694 
 695 
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Fig. 3  698 
 699 

 700 
701 



ASME Journal of Nuclear Engineering and Radiation Science 

 

23 

 

Fig. 4 702 
 703 
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Fig. 5 706 
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Fig. 6 709 
 710 
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Table 1 713 
 714 

System Average Rd Kd-model 

223Ra sorption (c ≈ 2.5∙10-12 mol/L) 

CSH C/S 1.0, 22°C 44,838 ±4,605  50,933 ±4,158  

CSH C/S 1.0, 80°C 45,176 ±4,640  42,324 ±1,858  

CSH C/S 1.2, 22°C (3 months) 21,706 ±2,887  26,028 ±2,677  

CSH C/S 1.2, 80°C (3 months) 15,823 ±2,105  9,065 ±1,066 

CSH C/S 1.2, 22°C (12 months) 31,193 ±4,311  29,541 ±1,288  

CSH C/S 1.2, 22°C (12 months), EDTA 27,207 ±3,677 22,341 ±1,558 

CSH C/S 1.2, 22°C (0 months) 14,716 ±1,619  15,653 ±1,560  

Ra × Ba × Sr sorption (c ≈10-10-10-7 mol/L) 

Ra CSH C/S 0.9 19,374 ±3,750  19,240 ±387  

Ba CSH C/S 0.9 4,919 ±751  4,221 ±36  

Sr CSH C/S 0.9 293 ±18  309 ±4  

Ra CSH C/S 1.4 1,981 ±383  1,818 ±49  

Ba CSH C/S 1.4 636 ±97  572 ±5  

Sr CSH C/S 1.4 108 ±7  112 ±1  

Ra CSH C/S 1.2 fresh 518 ±100 × 

Ba CSH C/S 1.2 fresh 125 ±19 × 

Sr CSH C/S 1.2 fresh 32 ±2 × 

Due to the use of the model (Kd value) and the average (Rd value), the results in Table 1 are presented as 

values with more valid numbers than is generally appropriate for experimental results. 

715 
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Table 2 716 

 717 
CSH Temp.  

used (°C) 

ΔH 

(kJ/mol) 

ΔS 

(J/mol∙K) 

ΔG22°C 

(kJ/mol) 

ΔG80°C 

(kJ/mol) 

C/S 1.0 22, 80 -2.8 ±1 80.7 ±7 -26.6 ±3 -31.3 ±3 

C/S 1.2 22, 80 -15.8 ±6 31.1 ±3 -24.9 ±4 -26.8 ±4 
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Supplemental material 720 
 721 

Supplemental Table S1: Kinetic models of sorption in two-phase systems used for the evaluation of 223Ra 722 
sorption kinetics in systems with CSH. 723 

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 

In Table S1, c is the 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 corresponding 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. 
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Supplemental Table S2: Selected equilibrium constants (log K0) used in the thermodynamic calculations. 726 
 727 

Reaction log K° Reference 

H4(EDTA)(cr)  EDTA4- + 4H+ -27.220 ±0.200 [S1] 

EDTA4- + H+  H(EDTA)3- 11.240 ±0.030 [S1] 

EDTA4- + 2H+  H2(EDTA)2- 18.040 ±0.036 [S1] 

EDTA4- + 3H+  H3(EDTA)- 21.190 ±0.062 [S1] 

EDTA4- + 4H+  H4(EDTA)(aq) 23.420 ±0.200 [S1] 

EDTA4- + 5H+  H5(EDTA)+ 24.720 ±0.223 [S1] 

EDTA4- + 6H+  H6(EDTA)2+ 24.220 ±0.300 [S1] 

Ca2+ + EDTA4-  Ca(EDTA)2- 12.690 ±0.060 [S1] 

Ca2+ + EDTA4- + H+  Ca(HEDTA)- 16.230 ±0.108 [S1] 

Ra2+ + EDTA4-  Ra(EDTA)2- 9.13 ±0.07 [29] 

 728 
[S1] Hummel, W., Anderegg, G., Puigdomènech, I., Rao, L., and Tochiyama, O., 2005, Chemical 729 
Thermodynamics of Compounds and Complexes of U, Np, Pu, Am, Tc, Se, Ni and Zr with Selected Organic 730 
Ligands, Elsevier, Amsterdam. 731 
 732 
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Supplemental Table S3: Ion interaction coefficients (εi,j) used in the thermodynamic calculations. 734 
 735 

i J εi,j Reference 

H+ Cl- 0.12 [S2] 

OH- Na+ 0.04 [S2] 

Ca2+ Cl- 0.14 [S2] 

EDTA4- Na+ 0.32 [S1] 

H(EDTA)3- Na+ -0.10 [S1] 

H2(EDTA)2- Na+ -0.37 [S1] 

H3(EDTA)- Na+ -0.33 [S1] 

H5(EDTA)+ Cl- -0.23 [S1] 

H6(EDTA)2+ Cl- -0.20 [S1] 

Ra(EDTA)2- Na+ -0.10 [29] 

 736 
[S2] Lemire, R. J., Fuger, J., Spahiu, K., Sullivan, J. C., Nitsche, H., Ullman, W. J., Potter, P., Vitorge, 737 
P., Rand, M. H., Wanner, H., and Rydberg, J., 2001, Chemical Thermodynamics of Neptunium and 738 
Plutonium, Elsevier, Amsterdam. 739 
 740 
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Supplemental Fig. S1: Calculated speciation of EDTA in a solution containing 1·10-3 mol/L Ca at two 742 
EDTA concentrations (5·10-5 and 5·10-3 mol/L) as function of pH. F refers to fraction, n.b. two vertical 743 
axes in the left hand figure. 744 
 745 

 746 


