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1. Introduction 

Radium is a radioactive alkaline-earth element found naturally in the environment. In natural decay chains 
there are four radium isotopes, but the two longest-lived isotopes are Ra-226 (t½=1600 a) and Ra-228 
(t½=5,75 a). They occur in the uranium and thorium decay chains, respectively. Radium has high 
radiotoxicity as it has multiple alpha-emitting daughter isotopes, and when ingested, radium builds-up in 
bones [1].  

 

Figure 1. Natural decay chains including Ra isotopes. Picture modified from [2]. 

Ra-226 is an important nuclide for spent fuel disposal as it is produced in the decay chain of U-238, of 
which most of the spent fuel pellets consist of. In addition, in spent nuclear fuel there is excess of U-234 
(about 10 times in Bq) due to isotopic enrichment. U-234 is also produced from decay of Pu-238 which is 
formed via nuclear reactions of neutrons and actinides in the fuel. In the spent fuel U-234 decays first to 
Th-230 via alpha decay which further decays to Ra-226 isotope via alpha decay. 

Radium can be quite mobile in groundwater, depending on water quality [3]. Especially in high-salt wells 
drilled into bedrock in the Finnish coastal areas, radium can typically be found in the well water [4]. 
Therefore, it is important to study the possible release of Ra-226 from the spent fuel in final disposal 
conditions. The Ra-226 adsorption capability of bentonite is also important aspect, to prevent the migration 
of Ra-226 to geo and biosphere. 

The goal of this project is to analyse the Ra-226 release from SIMFUEL (Simulated Irradiated Fuel) pellets 
in anaerobic conditions. Also, the sorption of Ra-226 to bentonite and bentonite-zeolite mixed matrix will 
be studied in anaerobic conditions. In support of the experimental work, molecular level simulations will be 
conducted to investigate Ra adsorption onto the surfaces of montmorillonite (the main and functional 
component of bentonite) and zeolite.  
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2. Experimental work 

 

2.1 Elemental analysis and Ra-226 analysis method 

2.1.1 Ra-226 separation method 

Ra-226 separation and analysis method was developed at VTT from the method described by Yang et al. 
[5]. Strong cation exchange resin AG 50W-X8 by Bio-Rad was used to separate Ra and Ba fraction from 
interfering elements. Figure 2 shows the developed separation and purification method for Ra and Ba 
fraction. 
 

 

Figure 2. Separation and purification method for Ra and Ba from groundwater sample. 

2.1.2 Elemental analysis 

All groundwater samples from SIMFUEL leaching experiments were analysed with High Resolution sector 
field mass spectrometry (HR ICP-MS, Element 2, ThermoScientific). Calibration and control samples were 
diluted from ICP-MS Multi-Element Solutions by SPEXCertiPrep® and Inorganic Ventures™. 10 µg/L of 
Rh was added as an internal standard to all prepared samples. The samples were injected through 
SeaSpray nebulizer (0.4 ml/min) and double pass spray chamber equipped with Peltier cooling unit. 
Platinum sample and skimmer cone were used during the measurement. For the separated Ra and Ba 
fraction APEX-ACM sample introduction unit was used to lower the background and increase the sensitivity 
of the measurement. Table 1 shows the measured elements and their limits of detection and quantification. 
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Table 1. Elements measured with HR ICP-MS equipment; limits of detection (LOD), quantification (LOQ) 
and the sample introduction method. 

Element LOD [µg/L] LOQ [µg/L] Sample introduction system 

Rb 0.003 0.008 SeaSpray + double pass + peltier cooling 

Zr 0.116 0.232 SeaSpray + double pass + peltier cooling 

Nb 0.004 0.011 SeaSpray + double pass + peltier cooling 

Mo 0.005 0.013 SeaSpray + double pass + peltier cooling 

Cd 0.003 0.007 SeaSpray + double pass + peltier cooling 

Cs 0.002 0.004 SeaSpray + double pass + peltier cooling 

U 0.0004 0.001 SeaSpray + double pass + peltier cooling 

Ba 0.006 0.016 SeaSpray + double pass + peltier cooling 

Ba 0.007 0.021 APEX-ACM 

Ra 0.00001 0.00003 APEX-ACM 

 
Solutions from bentonite-zeolite reaction experiments were measured with ICP-OES equipment (5100 
SVDV, Agilent Technologies) due to the mg/L concentration levels of most elements. Calibration and 
control samples for ICP-OES measurement were diluted from ICP-MS Multi-Element Solutions by 
Inorganic Ventures™.  The separated Ra/Ba fractions from bentonite-zeolite reaction experiments were 
measured with HR ICP-MS equipment with APEX-ACM sample introduction unit. 
 

2.2 SIMFUEL experiments 

Aim of the SIMFUEL dissolution experiments was to study the release of Ra-226 from SIMFUEL pellets in 
anaerobic conditions. SIMFUEL pellets are presented in Table 4 below and their composition is discussed 
in detail in section 2.3.1.  Since Ra-226 is rather demanding and especially time consuming to analyse, 
only three samples were studied. Instead, Ba and U among other elements were measured from each 
taken solution sample. 

2.2.1 SIMFUEL pellets 

Used SIMFUEL pellets represent unirradiated chemical analogue of spent nuclear fuel, which replicates 
chemical composition of spent nuclear fuel of different kinds of burn-ups [6]. Two of the pellets simulate 
30 MWd/kgU burn-up and other two 50 MWd/kgU burn-up. 30 MWd/kgU burn-up pellets were fresh without 
prior pre-treatment or leaching, but 50 MWd/kgU burn-up pellets were leached before with ground water 
simulant in previous leaching experiments conducted by Ollila [6]. 

Studied SIMFUEL pellets include fission products from following classes [6]: 

1. oxides dissolved in the matrix: Sr, Zr, Nb (presents all rare earth elements except La and Ce), Y, 
La (presents also Am and Cm), Ce, Pr, Nd, Pm, Sm 

2. metallic precipitates: Mo, Tc, Ru, Pd, Ag, Cd, In, Sb, Te 

3. oxide precipitates: Ba, Zr, Nb, Mo, Rb, Cs, Te 

Gasses and volatile elements are excluded from the material. Table 2 presents the elements detected in 
the SIMFUEL leaching tests conducted by Ollila [6]: 
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Table 2. Elements detected in previous leaching experiments with ground water simulant by Ollila [6]. X 
detected in all, (X) detected occasionally, - not detected. 

Solution U Mo Sr Ba Zr Ce La Ru Nd Y Rh Pd 

Leachant X X X X X (X) (X) - - - - - 

Filtrate X (X) X X X - - - - - - - 

Vessel 
rinse 

X (X) (X) (X) X X X X (X) - - - 

 

Since Rh was not detected in the previous leaching experiments, it was selected as internal standard for 
the HR ICP-MS measurement. Table 3 presents the SIMFUEL pellet properties, masses, and dimensions. 

Table 3. Properties and dimensions of SIMFUEL pellets used in the leaching experiments of PORA-project. 

Pellet Simulates 
burn-up 
[MWd/kgU] 

Pretreatment  Mass  
prior 
experiment [g] 

Heigh 
[mm] 

Diameter 
[mm] 

Mass  
after 
experiment [g] 

30A 30 no 8.0452 6.5 12 8.0446 

30B 30 no 8.0705 6.5 12 8.0712 

50A 50 leached [6] 7.9327 6.5 12 7.9324 

50B 50 leached [6] 7.9410 6.5 12 7.9418 

 

2.2.2 OL-KR6 groundwater 

OL-KR6 groundwater is actual groundwater from depth 135 – 137 m, which represent more brackish water 
due to its high carbonate content instead of current groundwater conditions in the disposal level (~400 m).  
However, this kind of chemical composition and conditions might occur for example in the postglacial 
period, if the groundwater layers will be strongly mixed at Olkiluoto site. Table 4 presents the composition 
of OL-KR6 ground water used for the PORA experiments described in this report. [7] 
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Table 4. Chemical composition of OL-KR6 groundwater [7]. 

  OL-KR6 

pH 7.6 
Ammonium, NH4 (mg/l) 0.29 
Bicarbonate, HCO3 (mg/l) 153 
Bromide, Br (mg/l) 11 
Calcium, Ca (mg/l) 530 
Chloride, Cl (mg/l) 3340 
Dissolved inorg carbon 
(mg/l) 

31 
Fluoride, F (mg/l) 0.4 
Iron, Fe (total) (mg/l) 0.28 
Iron, Fe2 + (mg/l) 0.28 
Magnesium, Mg (mg/l) 151 
Nitrate, NO3 (mg/l) 0.4 
Nitrite, NO2 (mg/l) 0.2 
Non Purgeable Organic 
Carbon (mg/l) 

5.1 
Phosphate, PO4 (mg/l) 0.2 
Potassium, K (mg/l) 18 
Silicate, SiO2 (mg/l) 12 
Sodium, Na (mg/l) 1460 
Strontium, Sr (mg/l) 5.8 
Sulphate, SO4 (mg/l) 406 
Sulphide, S2 - (mg/l) 0.02 
Sulphur, S (total) (mg/l) 130 
Total dissolved solids (mg/l) 6088 
Carbonate alkalinity, HCl 
uptake (mmol/l) 

0.05 
Total acidity, NaOH uptake 
(mmol/l) 

0.16 
Total alkalinity, HCl uptake 
(mmol/l) 

2.5 

 
OL-KR6 water was kept in anaerobic glove box for several months prior to the beginning of SIMFUEL 
leaching and Ra-226 reaction experiments. 
 

2.2.3 Experiments in anaerobic glove box 

 
Each of pellets presented in Table 3 was immersed in OL-KR6 groundwater in anaerobic glove box with 
Ar atmosphere and continuous O2 monitoring (Orbisphere controller and oxygen sensor) with O2(H2O) < 
0.15 ppm. Experiments were started 30.8.2021 and sampling was done 1, 2, 9, 17, 29, 79 and 141 days 
after the beginning of the experiments. Unfortunately, results of 141 day’s sampling did not make it to this 
report. Experiments were conducted in dynamic way; the whole sample solution (V=40 mL) was replaced 
in each sampling with a fresh 40 mL of OL-KR6 water. In addition to the four pellet experiments, two blank 
experiments with only OL-KR6 water were conducted and sampled as the experiments with SIMFUEL 
pellets. Figure 3 shows the SIMFUEL and blank experiments in the anaerobic glove box. The bottle 
containing solution and pellet or only the solution was agitated briefly by hand prior each sampling. 
Otherwise, the bottles were let to stand without agitation between the samplings. 
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Figure 3. SIMFUEL experiments in polypropylene vials in the anaerobic glove box. 
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2.2.4 Analysis and results 

Leaching solutions were taken after 1, 2, 9, 17, 29, 79 and 141 days since the beginning of the experiments 
and pH of the solution was measured. 3 mL of sample solution was taken for HR ICP-MS analysis and 
rest of the solution 37 mL was saved for potential Ra-226 analysis. Rb, Zr, Nb, Mo, Cd, Cs, Ba and U were 
analysed with HR ICP-MS equipment (measurement details presented earlier in the chapter 2.2.2). Results 
of HR ICP-MS analysis are presented in Figure 4 and 5 and pH measurement results are presented in 
Figure 6. Since, Ra-226 analysis require radiochemical separation and the amount of time was restricted, 
only three Ra-226 samples were analysed. Results of Ra-226 analysis are presented in Table 5. 
 
 

 

Figure 4. Results of SIMFUEL dissolution experiments measured with HR ICP-MS [µg/L] as a function of 
time. PORA 30A and 30B are the experiments with SIMFUEL pellets with 30 MWd/kgU burn-up and PORA 
50A and 50B are the experiments with SIMFUEL pellets with 50 MWd/kgU burn-up. Results are corrected 
with background results from the blank experiments. 
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From the measured elements (Rb, Zr, Nb, Mo, Cd, Cs, Ba and U) results of Rb and Nb were below the 
limit of detection, < 0.003 µg/L and < 0.004 µg/L, respectively. Also, Cs concentrations were below 
detection limit in most of the samplings (< 0.002 µg/L). Cd, Mo and U behaved similarly in the experiments 
with higher initial concentration in the beginning of the experiment and the lowering down rather rapidly 
(within the first 2 days of the experiment) and then reaching steady state. Of course, the quite short 
experiment duration increases the uncertainty, whether actual plateau was reached or not. Higher initial 
concentrations of the 30 MWd/kgU burn-up pellets probably results from the prior leaching of the 50 
MWd/kgU burn-up pellets. Otherwise, different burn-up pellets behaved rather similarly. 
 
Cs, Zr and Ba also behaved similarly in the experiments with first lower initial concentration and the 
increase in the detected concentrations within the first 17 to 29 days of the experiments. For Cs, Zr and 
Ba it is even harder to say whether steady state could be reached or not. Maybe the results of final 
sampling 141 days after the beginning of the experiments can give answer to this. Unfortunately, 141 day’s 
results were not available for this report, however the results will be added to possible publication. 
 
Figure 5 shows more detailed results µg/L and mol/L results of U and Ba measured from the SIMFUEL 
leaching solutions as a function of time. Also, comparison to previous leaching experiments by Ollila [6] is 
presented. 
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Figure 5. U and Ba mol/L results in the SIMFUEL leaching experiments as a function of time and 
comparison to previous leaching experiments by Ollila [6]. In the comparison results by Ollila, UO2(fuel) 
represents the theoretical solubility of UO2 with 1 – 5 µm particle size in spent fuel and UO2(c) represents 
the theoretical solubility of well-crystallized oxide of U(IV) [6]. 

 
U leaching results of PORA project are somewhat similar to the results from previous leaching experiments 
by Ollila. Ollila detected higher initial concentration (around 10-6- 10-7 mol/L) and then lowering rather fast 
to lower level and reaching a steady state (around 10-8 mol/L). In PORA-project the detected 
concentrations were even lower. However, the experimental conditions were quite different and also the 
measuring techniques has developed a lot between these two experiments.  
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Figure 6. Evolution of the pH of OL-KR6 leaching solution during the dissolution experiments.  
 
 
pH in the experiments was close to pH 8, between 7.47 – 8.16. Largest difference in the measured pH 
values were in the parallel blank samples (BA and BB). Evolution of pH of parallel samples of 30 MWd/kgU 
(30A and 30B) and 50 MWd/kgU (50A and 50 B) was similar, ranging between 7.88 – 8.14 and 7.99 – 
8.10, respectively. 
 
Since Ba concentration in the leaching solution was highest in the beginning of the experiments, Ra-226 
was analysed from three samples from the first sampling (1 day after the beginning of experiments) blank 
(BA), 30 MWd/kgU (30A) and 50 MWd/kgU (50A). Separation of the Ra/Ba fraction was done according 
to the method and measurement details presented previously in section 2.2. Table 5 shows the measured 
Ra-226 results. 
 

 

Table 5. Measured Ra-226 results from the SIMFUEL dissolution experiments. 

Sample Sample code Ra-226 [ng/L] Ra-226 [Bq/L] Ra-226 [mol/L] 

Blank  BA 1.9.2021 0.312 11.4 1.38 ∙10-12 

30 MWd/kgU 30A 1.9.2021 0.247 9.05 1.09 ∙10-12 

50 MWd/kgU 50A 1.9.2021 0.252 9.24 1.12 ∙10-12 

 
All measured Ra-226 results are very low and same level; detected concentration in the blank sample was 
even a bit higher than the concentrations in 30 MWd/kgU (30A) and 50 MWd/kgU (50A) burn-up 
experiments. Due to the small number of samples, it is hard to make any conclusions. Since OL-KR6 is 
natural ground water, small amounts of U is present in the water (~0.5 µg/L of U), and results are at the 
same level, it seems that the detected Ra-226 could originate from the OL-KR6 ground water.   
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2.3 Bentonite – zeolite experiments 

Aim of the bentonite and bentonite-zeolite mixture reaction experiments with Ra-226 tracer was to evaluate 
Ra sorption or retardation capacity of bentonite in comparison with zeolite/bentonite mixtures. Ra as 
alkaline-earth element has relatively high solubility and mobility, therefore it would be relevant to find a 
medium, which would inhibit the migration of Ra from near field to geo and biosphere. 
 

2.3.1 Pre-experiments with bentonite and zeolite 

To evaluate the solid liquid ratios and amount of tracer to be added in the actual experiments, several 
different pre-experiments were conducted. Table 6 shows the conducted pre-experiments. Bentonite used 
in experiments was MX-80 by CETCO (Colloid Environmental Technologies company) and Zeolite 
(Zeolite, CAS: 1318-02-1, Sigma-Aldrich). Used solutions were MilliQ water and actual OL-KR6 
groundwater from Olkiluoto (about 30 µg/L Ba and 0.5 µg/L U). Barium was added as Ba(NO2)3 (PA grade, 
Merck) to evaluate the amount of tracer solution needed for the actual experiments. Same materials and 
solutions were also used in the actual experiments. All used chemicals were at minimum PA grade, also 
UP grade chemicals were used for acidification of the samples and for the preparation of HR ICP-MS and 
ICP-OES samples, standards, and controls. 
 

Table 6. Conducted pre-experiments with bentonite, zeolite, and their mixtures. 

Aim Material Mass [g] Added solution V [mL] Reaction time [d] Analysis 

Background from 
zeolite 

Zeolite 1 MilliQ H2O 20 7 ICP-OES +HR 
ICP-MS 

Background from 
zeolite 

Zeolite 1 OL-KR6 20 7 ICP-OES +HR 
ICP-MS 

Background from 
bentonite 

Bentonite 1 MilliQ H2O 20 7 ICP-OES +HR 
ICP-MS 

Background from 
bentonite 

Bentonite 1 OL-KR6 20 7 ICP-OES +HR 
ICP-MS 

Effect of material 
ratios 

Bentonite 
Zeolite 

0.8 
0.2 

MilliQ H2O 20 7 ICP-OES +HR 
ICP-MS 

Effect of material 
ratios 

Bentonite 
Zeolite 

0.9 
0.1 

MilliQ H2O 20 7 ICP-OES +HR 
ICP-MS 

Effect of material 
ratios 

Bentonite 
Zeolite 

0.95 
0.05 

MilliQ H2O 20 7 ICP-OES +HR 
ICP-MS 

Effect of material 
ratios 

Bentonite 
Zeolite 

0.8 
0.2 

OL-KR6 20 7 ICP-OES +HR 
ICP-MS 

Effect of material 
ratios 

Bentonite 
Zeolite 

0.9 
0.1 

OL-KR6 20 7 ICP-OES +HR 
ICP-MS 

Effect of material 
ratios 

Bentonite 
Zeolite 

0.95 
0.05 

OL-KR6 20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Zeolite 1 1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Zeolite 0.5 1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Zeolite 0.25 1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Zeolite 0.1 1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

no 0 1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Bentonite 
Zeolite 

0.8 
0.2 

1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Bentonite 
Zeolite 

0.9 
0.1 

1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

Bentonite 
Zeolite 

0.95 
0.05 

1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 

Ba sorption and 
tracer amount 

no 0 1 ppm Ba in MilliQ 
H2O 

20 7 ICP-OES +HR 
ICP-MS 
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The pre-experiments showed that the mixtures of bentonite and zeolite did not stay homogenous during 
the reaction experiments with ground water. Zeolite and bentonite formed separate layers in the 
experiments, probably because of the different size distribution. Zeolite was significantly more fine-grained 
and therefore was separated from bentonite. To ensure that the materials stay more homogenous in the 
actual experiments, bentonite was sieved prior mixing the materials. Also to prevent the layering of the 
bentonite and zeolite, compacted pellets were prepared from the materials and their mixtures for the actual 
experiments.  
 

2.3.2 Materials and pellet preparation 

 
The pre-experiments showed that the mixtures of bentonite and zeolite did not stay homogenous. To make 
the materials stay more homogenous in the actual experiments, bentonite MX-80 by CETCO (Colloid 
Environmental Technologies company) was sieved with 0.074 mm sieve prior weighing and mixing the 
materials. 5 %, 10 % and 20 % zeolite mixtures with bentonite were prepared after the sieving. Also, to 
prevent the layering of the bentonite and zeolite, compacted pellets were prepared from the materials and 
their mixtures for the actual experiments. 
 
A GDS Instruments 250 kN load frame was used for the pellet compaction. The sample powder was placed 
inside a cylindrical steel mold with a fitted removable piston. With the load frame ram the sample was 
uniaxially compressed 0,1 kN/s up to 6 kN inside the mold.   
 
Figure 7 shows the pellet compaction equipment and figures 8 and table 7 show the compacted pellets 
from four different materials and mixtures and their properties: 100 % bentonite, 95 % bentonite + 5 % 
zeolite, 90 % bentonite + 10 % zeolite and 80 % bentonite + 20 % zeolite. 
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Figure 7. A GDS Instruments 250 kN load frame used for the pellet compaction. 

 
 

 

Figure 8. Prepared pellets selected for the experiments. 2 and 3; 100 % bentonite, 4 and 5; 95 % bentonite 
- 5 % zeolite, 6 and 7; 90 % bentonite -10 % zeolite, 8 and 9; 80 % bentonite - 20 % zeolite.  
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Table 7. Properties and dimensions of the prepared bentonite and bentonite-zeolite mixture pellets. 

Pellet  Mass [g] Diameter 
[mm] 

Height [mm] Material Added OL-KR6 
water [mL] 

1 2.3247 12 pellet split 100 % bentonite x 

2 2.7712 12 13 100 % bentonite 50  

3 2.5652 12 12 100 % bentonite 50  

4 2.5805 12 13 95 % bentonite + 5 % zeolite 50  

5 2.7093 12 14 95 % bentonite + 5 % zeolite 50  

6 2.6906 12 14 90 % bentonite + 10 % zeolite 50  

7 2.8324 12 15 90 % bentonite + 10 % zeolite 50  

8 2.2691 12 13 80 % bentonite + 20 % zeolite 50  

9 2.6057 12 15 80 % bentonite + 20 % zeolite 50  

10 2.8996 12 pellet split 80 % bentonite + 20 % zeolite x 

11 x x x x 50  

12 x x x x 50  

 
Pellets were prepared in normal atmosphere on 29.10.2021 and after the preparation they were 
transported right away to an anaerobic glove box. Since the pellets were very fragile and changes in the 
humidity may cause pellets to split, experiments without Ra-226 tracer were started right away after 
preparing the pellets and 50 mL of OL-KR6 ground water was added to each experiment. Due to the high 
water-absorption capability of bentonite, prepared pellets did not keep their form. Already next day after 
the addition of the OL-KR6 water pellet material had been swelled and filled about half of the experiment 
vessel. The material had some effect on the swelling volume; the higher the zeolite amount was, also the 
higher was the swelling volume. However, there is only small or no difference between 10 % and 20 % 
zeolite mixtures’ swelling volumes. Figure 9 shows the bentonite and bentonite-zeolite mixture 
experiments in the anaerobic glove box. 

2.3.3 Experiments in the anaerobic glove box 

Prior to adding the Ra-226 tracer solution, bentonite and bentonite-zeolite experiments were let to 
equilibrate in the anaerobic glove box for one month.  
 

 

Figure 9. Bentonite-Zeolite experiments in polypropylene vials in the anaerobic glove box.  
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Used tracer solution (Ra-226 only by Eckert & Ziegler, Ref. date 1.5.2021) was originally diluted to 2 M 
HNO3 (Ultrapure), therefore the pH of the tracer solution was adjusted with 10 M, 2M and 0.1 M NaOH 
solutions to 8.03 prior the addition to the experiments. To keep the starting volume at 50 mL, 4.4 mL “zero” 
or baseline samples were taken prior the addition of the tracer solution. Then 4.4 mL of tracer solution was 
added to each experiment, which results in about 1.08 ppb or about 40 kBq/L Ra-226 concentration in the 
beginning of the reaction experiments. 3 mL sample for elemental analysis and 2 mL sample for potential 
Ra-226 analysis were taken 1, 2, 7 and 15 days after the beginning of the experiments. No addition of 
fresh OL-KR6 solution was made during the experiments. 
 

2.3.4 Analysis and results 

Solution samples were analysed with ICP-OES equipment with details presented previously in chapter 
2.2.2. Also, pH of each experiment was measured after each sampling. Figures 10 and 11 show the 
measured elemental concentrations of solutions in the bentonite and bentonite-zeolite mixture experiments 
as a function of reaction time and figure 12 shows the pH evolution during the experiments. 
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Figure 10. The measured elemental concentrations (average of two parallel experiments) in the solution 
phase of bentonite and bentonite-zeolite mixture experiments in anaerobic glove box as a function of 
reaction time. 
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Ba and Sr behave rather similarly in the reaction experiments, concentration level in the experiments with 
100 % bentonite are significantly higher than the background level, which indicates that Ba and Sr are 
released from bentonite. Adding 5 – 20 % of zeolite to the material mixture increases the materials 
adsorption capability significantly. 10 – 20 % zeolite addition results in lower concentration level in the 
OLK-KR6 solution phase than in the blank experiments. 
 
Ca and Mg behave rather similarly as Ba and Sr, but already 100 % bentonite can lower their concentration 
from the background level. Effect of zeolite addition can be seen clearly; the higher amount zeolite is 
added, the lower is the concentration in the solution phase.  
 
For Al and Na behaviour seems to be opposite, when compared with Ca, Mg, Ba, and Sr. The highest 
amounts of added zeolite, results in the highest amount of Al and Na in the solution. Concentrations in 
blank experiments seemed to be the lowest, so it appears that Al and Na are both released to some extent 
from both bentonite and zeolite materials.  
 
Also Fe and Mo are somewhat released from bentonite and adding zeolite lowers the solution 
concentrations. However, the lowest Mo concentrations were detected from the blank experiments. 
 

 

Figure 11. The measured Ba and U concentration [mg/L] and [mol/L] in the solution phase (average of two 
parallel experiments) of bentonite and bentonite-zeolite mixture experiments in anaerobic glove box as a 
function of reaction time. 

For Ba the effect of zeolite addition is very clear, also for U effect is rather clear at least in the beginning 
and at the end of the reaction experiments.  
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Figure 12. pH evolution (average of two parallel experiments) in the bentonite and bentonite-zeolite 
reaction experiments as a function of reaction time. 

Zeolite addition has also some effect on the pH of the experiment. Bentonite alone increases the pH of the 
experiment, and higher amount of added zeolite results in higher pH.  
 
Since, Ra-226 analysis require radiochemical separation and the amount of time was restricted, only 5 
separated and purified Ra-226 fractions were analyzed; 1 blank, 2 samples from the reaction experiments 
with 100 % bentonite and 2 samples from reaction experiments with 80 % bentonite and 20 % zeolite 
mixture. Results of Ra-226 analysis are presented in Figure 13. Results show the Ra-226 fraction still left 
in the solution phase after 1 and 7 days of reaction with either 100 % bentonite or 80 % bentonite – 20 % 
zeolite mixture compared to initial Ra-226 addition (about 1 ppb Ra-226). 
 

 

Figure 13. Ra-226 fraction in the solution phase of the reaction experiment with either 100 % bentonite or 
80 % bentonite – 20 % zeolite mixture compared to initial Ra-226 addition as a function of time. 



 RESEARCH REPORT VTT-R-00067-22 

22 (32) 

 
 

 

Bentonite-zeolite mixture has significantly better Ra-226 absorption capability compared to pure bentonite. 
After just one day reaction time with 80 % bentonite – 20 % zeolite mixture the Ra-226 in the solution was 
dropped to about 10 % of the initial amount. After one week reaction time with 80 % bentonite – 20 % 
zeolite mixture only about 2.6 % of the initial Ra-226 amount stayed in the solution. Comparing to 100% 
bentonite, after one reaction day practically all initially added Ra-226 stayed in the solution, and after one 
week reaction time Ra-226 amount in the solution dropped to about 44 % from the initial Ra-226 addition 
amount. Small fraction (about 15 %) of the Ra-226 addition disappeared from the solution, which may be 
caused by the adsorption to experiment vial walls. Therefore, vials should be leached after the end of 
experiments and checked whether the missing part of tracer solution is adsorbed to the vial walls. 
Unfortunately, due to the time-consuming nature of Ra-226 analysis, this was not done within this project.  
 

 

Figure 14. Ra-226 distribution coefficients as a function of time with Ra-226 initial concentration 5 ∙10-9 
mol/L. 

Zeolites are tectosilicates which are negatively charged by isomorphous substitution of Al3+ for Si4+. Al3+ 
substitution degree has significant effect on the cation exchange capacity of zeolite. At high pH metal 
sorption to zeolite occurs due to the formation of inner sphere complex via Si-O- and Al-O- groups. [13]  
 
Fan et al. [14] reported zeolite’s higher selectivity towards the cations with larger size: (Ra2+ (148 pm) > 
Ba2+ (135 pm) > Sr2+ (118 pm) > Na+ (116 pm) > Ca2+ (114 pm) > Mg2+ (72 pm). They also reported that 
sorption of Ra2+ is significantly competed by Ba2+ and the presence of Ba2+ could have significant effect to 
the Ra2+ sorption. Based on PORA results from the reaction tests in OL-KR6 ground water, zeolites high 
sorption effect could be seen for both Ba and Ra.  
 

3. Molecular modelling: Ra adsorption onto montmorillonite and zeolite 

We used molecular dynamics simulations to investigate the adsorption of Ra2+ onto the surfaces of MX-
80 type montmorillonite and zeolite A minerals. Simulations consisted of a mineral particle in contact with 
Ra containing water. The resulting density profiles were used to calculate equilibrium constant for the 
adsorption of Ra and the partition coefficient KD. Simulations were conducted with several Ra 
concentrations in order to understand the dependence of KD value on the initial solute concentration. 
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3.1 Simulation methods 

The simulations were done using CLAYFF potential parameters for montmorillonite including SPC water 
[8], modified CLAYFF parameters for zeolite [9] and Lennard-Jones parameters for Ra²⁺ from [10]. The 
simulations followed a method similar to [11]. First, a system containing only mineral was equilibrated for 
400 ps under NPT conditions (at 298 K and 1 atm). Next, water was added on top of the particle and water 
equilibrated for 50 ps under NVT conditions. Periodicity in the third dimension was removed and replaced 
with Lennard-Jones9-3 wall boundaries so that water and solutes interact with only one mineral surface. 
Solutes (Ra, Na and Cl) were placed randomly into the water and the system equilibrated for another 100 
ps. To obtain reliable results, we performed a series of separate 1-2 ns simulations (each with different 
solute configurations). The mineral except surface terminating OH-groups were kept immobile during the 
production run. In MD, temperature is derived from the kinetic energy of the system and controlled by 
adjusting atom velocities. In solid crystal structure atom velocities are seen as lattice vibration and when 
rigid or immobile, their contribution to the overall system temperature is calculated from the last recorded 
atom velocities. 
 
In molecular level, the transport of solutes occurs through molecular diffusion from a high concentration 
region to a lower concentration region. At equilibrium, molecular diffusion seizes and the atomic motion is 
governed by self-diffusion, which originates from the random motion the particles. Our simulations are 
equilibrium simulations, but for simplicity we shall refer to the atomic motion as just diffusion. Time-
averaged density profiles for the solutes were obtained from each set of simulations and used to calculate 
the amounts of species as adsorbed onto the surface (where diffusion is restricted) and as freely diffusing 
in water. The equilibrium constant for the adsorption of species M can be written as 
K = [Ma(aq)]/[Md(aq)] = ((%Ma)/Va)/((%Md)/Vd)  
where a is for adsorbed and d for diffused. As the areas in both adsorbed and diffused regions are equal, 
the equation only needs to consider the width of the regions 
K = (%Ma)*lzd/((%Md)*lza) 
where lza was taken as the width of the adsorption density peak and lzd as the width of the ion containing 
region outside the adsorption peak. To evaluate the favourability of the reaction, standard state free energy 
values are calculated using the obtained equilibrium constants 
ΔG⁰ = - RT lnK 
where R is the ideal gas constant. A reaction is considered favourable when ΔG⁰ < 0. Finally, the 
adsorption equilibrium constants can be converted to partition coefficients 
KD = (ca/cd)(Vl/ms) = KVl/ms 

where Vl is the volume of the liquid and ms the solid mass. 
 
To simulate the adsorption process onto the basal surface of montmorillonite with a unit formula Na0.5 
Ca0.06 (Si7.94 Al0.06) (Al3.10 Fe0.34 Mg0.56) O20 (OH)4, a system containing two mineral layers (4x8x2 unit-cells 
measuring approximately 4.2nm * 3.6 nm with 7.5 H2O/unit-cell in the interlayer, approximately two water 
molecular layers) in contact with water was prepared (see Fig 15 left). For the stability of the 
montmorillonite system, half of the bottom interlayer cations were placed into the outer water. The aqueous 
region contained approximately 6000 atoms. A single Ra²⁺ atom in this setup results in a concentration of 
cRa = 28 mmol/l. Simulations were performed using six different water contents with RaCl2 concentrations 
of 28 mmol/l, 55 mmol/l, 82 mmol/l, 110 mmol/l, 138 mmol/l and 276 mmol/l. We also applied an additional 
NaCl concentration of 82 mmol/l in the outer water. Similarly, the adsorption of Ra into the interlayers and 
onto the edge surface of montmorillonite was attempted with a three-layered mineral system in contact 
with water. However, our calculations showed that to first accomplish a cation exchange event between 
outer Ra and an interlayer cation would require much longer time scales which we could not meet during 
the project. 
 



 RESEARCH REPORT VTT-R-00067-22 

24 (32) 

 
 

 

 
 
Figure 15. Left: Simulation cell of the montmorillonite system containing mineral layers, interlayers with 
charge compensating cations and outer water (clay polyhedra: Si (orange), Al (pink), Mg (green) and Fe 
(yellow)). Right: Simulation cell of the hydrated zeolite system with hydroxylated D4R termination, Na 
counterions in the cavities and outer water (zeolite structure: Si (orange), Al (pink), O(red) and H(gray)). 
Solute spheres: Na (magenta), Ca (blue), Ra (green) and Cl (yellow). 
 
 
The adsorption of Ra onto zeolite A (Na containing LTA type) was simulated using a system shown in 
Figure 15 (right) with hydroxylated D4R terminated particle (2x1x1 unit-cells measuring approximately 4.7 
nm x 2.3 nm x 2.5 nm) in contact with outer water. A dehydrated reference structure was obtained from 
the zeolite structure database [12]. The charge neutrality of the zeolite particle was ensured by 
adding/removing an appropriate number of Na counterions and dividing the remaining surplus charge 
among the bridging oxygens (excluding hydroxyl oxygens). Each alpha-cage was hydrated by randomly 
placing water molecules in the cavities. The aqueous region contained approximately 3900 atoms and the 
RaCl2 concentrations used here were 43 mmol/l, 85 mmol/l, 128 mmol/l, 213 mmol/l and 427 mmol/l. We 
first ran a batch of 1 ns simulations with 1 Ra atom present in water to find out which Na atoms likely exit 
the zeolite structure. We used this information in the actual production runs and started the simulations 
with these Na atoms already displaced into the water. We ran ten 2 ns simulations where the latter 1,5 ns 
are used in post-processing. As opposed to montmorillonite, Ra may enter the zeolite structure which 
necessitated longer equilibration time. 
 
We also ran one set of simulations with a zeolite particle doubled in size, where the initial RaCl2 
concentration was 21 mmol/l. For more accurate statistics with this larger system, we ran double the 
number of simulations and allowed for longer equilibration time (1 ns instead of 0.5 ns).  
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3.2 Results 

3.2.1 Montmorillonite 

Time-averaged atomic density profiles in the basal direction are shown in Figure 16 for water O and the 
solutes Na, Cl, Ca and Ra. We can see a typical two-layered water structure in the second interlayer (16 
Å < z < 21 Å), but in the bottom interlayer space (z < 6 Å) the first peak has slightly deformed as a result 
of the absence of a clay layer below and the applied Lennard-Jones boundary. An artefact of the boundary 
can be seen also at the edge of the outer water region. Near the outer basal surface, there are two well-
defined cation peaks. However, we consider only the atoms in the first peak (z < ~35 Å) as truly adsorbed 
onto the surface and the rest as freely diffusing in water. The corresponding regions will be later referred 
to as the adsorption layer and the diffuse layer.  
 
 

 
 
Figure 16. Averaged atomic density profiles for water oxygens (grey), sodium (magenta), calcium (blue), 
chloride (yellow) and radium (black) from batch simulations. For ease of viewing, oxygen densities are 
scaled to 1/40 and interlayer sodium and calcium densities to 1/6 and ¼, respectively. The plots (starting 
from top and going left to right) represent the simulations with different radium contents: 0.028 M, 0.055 
M, 0.082 M, 0.110 M, 0.138 M and 0.276 M. Outer water contained an additional 0.082 M NaCl.  
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Tables 8 and 9 present the calculated adsorption equilibrium constants and free energies for each solute 
species and their amounts in the adsorption and diffuse layers in the different initial Ra concentrations. 
There is a clear decrease in the equilibrium constant and free energy for Ra with increasing concentration. 
The values for Na decrease slightly, indicating an increase in the competition of adsorption sites on the 
surface. As expected, Cl adsorption is considered unfavourable, however, the decreasing free energy 
values indicate minimal decline in the unfavorability as Ra concentration rises. 
 
Although the proportionate amount of adsorbed Ra decreases from approximately 50 % to 20 % with 
increasing concentration, the actual contributed charge increases from ~+1 e to +3.8 e. Interestingly, 
based on the layer charge of the mineral it could theoretically retain a charge of +10 e on its surface but 
our simulations show an average charge of +4.5 e.  
 
 
Table 8. Equilibrium constants K and standard state free energies ΔG0 for ion adsorption onto 
montmorillonite surface. 

  K   ΔG0 (kJ/mol)  

[Ra] (M) Ra Na Cl Ca Ra Na Cl Ca 

0.028 12.2 2.8 - 4.9 -6.2 -2.5 - -3.9 

0.055 8.2 2.7 0.03 2 -5.2 -2.4 8.6 -1.8 

0.082 4.6 1.8 - 4.6 -3.8 -1.5 - -3.8 

0.11 3.5 2.2 0.07 3.8 -3.1 -2 6.5 -3.3 

0.138 3.9 2.3 0.06 6.6 -3.4 -2 7.1 -4.9 

0.276 2.4 1.9 0.1 3.4 -2.2 -1.6 5.8 -3.1 

 
Table 9. Percentage of ions in the adsorbed and diffuse layers with their net charges. 
 
 

 Adsorbed layer 
 
 

 
 

 Diffuse layer 
 
 

 
 

[Ra] (M) Ra (%) Na (%) Cl (%) Ca (%) q (e) Ra (%) Na (%) Cl (%) Ca (%) q (e) 

0.028 49 23.4 0 24.6 4.046 51 76.6 100 75.4 5.954 

0.055 34.8 23.1 0.1 11.6 4.158 65.2 76.9 99.9 88.4 5.842 

0.082 26.3 16.8 0 22.7 3.88 73.7 83.2 100 77.3 6.12 

0.11 23.6 19.9 0.3 17.3 4.39 76.4 80.1 99.7 82.7 5.61 

0.138 19.3 20.2 0.2 25 4.626 80.7 79.8 99.8 75 5.374 

0.276 18.9 17.1 0.6 18 5.883 81.1 82.9 99.4 82 4.117 

 
 
In Figure 17 (on the top) are plotted the KD

 values together with the proportionate amounts of adsorbed 

ions for Ra and Na obtained from our simulations, and (on the bottom) a fit for the KD values of Ra as a 

function of the initial concentration. A clear power function type decrease can be seen in the KD
 values for 

Ra, while for Na the values lower only slightly. The fit function is of the form 𝑎 ⋅ 𝑐𝑅𝑎
𝑏  and with an R2 value of 

0.943 (i.e. explaining 94.3 % of the variation to data) the function obtained was 𝐾𝐷   =  1.849 ⋅ 𝑐𝑅𝑎
−0.551. As 

an example, at concentrations of 1e-4 and 1e-6 the function provides values of ~300 ml/g and 3700 ml/g, 

respectively. As the simulations considered adsorption only onto the surface of a single montmorillonite 

layer, these calculated values represent more of an upper limit. As a comparison, [15] studied the effect 

of NaCl concentration on the adsorption of Ra onto montmorillonite and obtained KD values in the order of 

magnitude from 1e4 to 1e0 with increasing concentration. 
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Figure 17. Top: Partition coefficients for Ra and Na adsorption onto montmorillonite surface (left axis) and 
percentage amounts of adsorbed species (right axis) as a function of initial Ra concentration in water. 
Bottom: Fitted KD curve of type axb for Ra in loglog –scale. 
 

3.2.2 Zeolite 

Time-averaged atomic density profiles in the z direction are shown in Figure 18 for water O and solutes 
Na, Cl and Ra. Near the zeolite-water interface, there is a clear peak for water, although it is not as distinct 
in height as in the case of montmorillonite. There are also distinct cation peaks at ~z < 30 Å, which we 
consider as adsorbed and the rest as diffused. 
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Figure 18. Averaged atomic density profiles for water oxygens (grey), sodium (magenta), chloride (yellow) 
and radium (black) from zeolite batch simulations. For ease of viewing, oxygen densities are scaled to 
1/50 and sodium to 1/4. The plots (starting from top and going left to right) represent the simulations with 
different radium contents: 0.021 mol/l (from double simulation cell), 0.043 mol/l, 0.085 mol/l, 0.128 mol/l, 
0.213 mol/l and 0.427 mol/l. Only part of the zeolite region is shown and the approximate position of the 
mineral –water interphase is marked with a dotted vertical line. 
 
Table 10 shows the calculated adsorption equilibrium constants and free energies for Ra and Cl in the 
different initial concentrations. There is a clear decrease in the equilibrium constant and free energy for 
Ra with increasing concentration. Both the obtained equilibrium constants and the negativity of the free 
energy are larger than in the case of montmorillonite, which indicates greater adsorption capacity for 
zeolite. Generally, the adsorption of Cl is considered unfavourable, but, as with montmorillonite, the 
decreasing free energy values indicate decline in the unfavorability as Ra concentration rises. The free 
energy values are smaller than those of montmorillonite, which suggests a lower capacity for anion 
exclusion. 
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Table 10. Equilibrium constants K and standard state free energies ΔG0 for ion adsorption onto 
montmorillonite surface. 

 
 

K 
 
ΔG0 (kJ/mol) 

[Ra] (M) Ra Cl Ra Cl 

0.021 14.6 0.2 -6.6 4.8 

0.043 14.0 0.3 -6.5 3.2 

0.085 11.9 0.3 -6.1 3.2 

0.128 6.9 0.3 -4.8 3.0 

0.213 3.2 0.2 -2.8 4.2 

0.427 2.8 0.5 -2.5 1.0 

 
 
In Figure 19 (on the top) are plotted the KD

 values together with the proportionate amounts of adsorbed 

Ra obtained from our simulations, and (on the bottom) a fit for the KD values of Ra as a function of the 

initial concentration. The graph shows that the KD values for zeolite are generally larger than for 

montmorillonite. More notably, the amount of adsorbed ions is much higher for zeolite, which is in line with 

the experimental results presented earlier. As with montmorillonite, we fit the values with a power function 

of the form 𝑎 ⋅ 𝑐𝑅𝑎
𝑏  and with an R2 value of 0.841 the function obtained was 𝐾𝐷 = 3.607 ⋅ 𝑐𝑅𝑎

−0.608. As an 

example, at concentrations of 1e-4 and 1e-6 the function provides values of ~ 980 ml/g and 16000 ml/g, 

respectively. At a concentration of 5e-9 mol/l the KD value for zeolite as predicted by the function is over 5 

times that of montmorillonite. 

 
 

 

 
Figure 19. Top: Partition coefficients for Ra adsorption onto zeolite A (left axis) and percentage amounts 
of adsorbed species (right axis) as a function of initial Ra concentration in water. Bottom: Fitted KD curve 
of type axb for Ra in loglog –scale. 
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4. Comparison 

Distribution coefficients calculated from the experimental data are significantly lower when compared to 
the theoretical maximum KD values obtained from the molecular dynamics simulations. There are many 
aspects in the experimental setup that may influence the experimental KD values. Reaction experiments 
were not stirred or shaken at any point of the experiments. Therefore, the diffusion of radium may be 
slower, since most of the bentonite or bentonite-zeolite mixture was pressed against the wall of the sample 
bottle and only the top portion of the material was free to the solution phase. Also, experimental time was 
quite short, even though it has been previously detected that the Ra adsorption to clay materials is rather 
fast, adsorption taking only few hours [16]. Due to the time-consuming nature of Ra fraction separation 
and analysis, there is only a small number of data points. Due to the short experimental time and the small 
number of data points, it is not possible to verify that actual equilibrium and steady state was achieved in 
the experiments.  
 
Bentonite and bentonite-zeolite material was let to equilibrate and swell in the OL-KR6 water for one month 
prior adding the spike of Ra-226 tracer solution. OL-KR6 water has high amounts of cations (Na+, Ca2+, 
Ba2+ etc.) that can be adsorbed to bentonite and bentonite-zeolite material prior the Ra tracer addition. 
Tamamura et al. [15] studied the effect of NaCl concentration on Ra-226 adsorption to montmorillonite and 
detected that higher NaCl concentration results in lower Ra-226 KD values. Fan et al. [14] demonstrated 
that clinoptilolite (natural microporous zeolite) has better selectivity toward larger sized cations in the 
following order Ra2+(148 pm) > Ba2+ (135 pm) > Sr2+ (118 pm), > Na+ (116 pm) > Ca2+ (114 pm) > Mg2+ (72 
pm). However, they also detected that if Ba2+ was a major cation species, the competition between Ba2+ 
and Ra2+ can lower the Ra2+ adsorption [14]. In the experiments of this project the used Ra-226 tracer 
solution has a significant amount of stabile Ba carrier present, so the spike addition to the experiments 
increases both Ba2+ and Ra2+ concentration in the solution (1 ppb of Ra equals as 40 ppb of Ba). Therefore, 
the competition of Ba2+ and Ra2+ species is probably the aspect that has the most effect on the calculated 
KD values of Ra-226 contributing to the difference between the experimental and simulated KD values. In 
addition, simulations considered the montmorillonite adsorption sites as free but experimentally there first 
needs to occur a cation exchange reaction which can affect the adsorption process. 
 
Nevertheless, the better adsorption capability of zeolite as compared to bentonite can be seen in both 
experimental and molecular dynamics simulations results. Molecular dynamics simulations results 
represent the theoretical maximum of KD values and experimental results show that, the competition with 
other cations, reactive surface area and the composition of water have significant effect on the detected 
KD values. 

5. Summary and conclusions 

Ra-226 is an important nuclide for spent fuel disposal. Ra as alkaline-earth element has relatively high 
solubility and mobility. Therefore, it is important to study the possible release of Ra-226 from the spent fuel 
in final disposal conditions. The Ra-226 adsorption capability of bentonite is also important aspect, to 
prevent the migration of Ra-226 to geo and biosphere. 

Aim of this project was to analyse the Ra-226 release from SIMFUEL (Simulated Irradiated Fuel) pellets 
in anaerobic conditions to natural ground water. Also, aim was to study the sorption of Ra-226 to bentonite 
and bentonite-zeolite mixed matrix in anaerobic conditions. In support of the experimental work, molecular 
level simulations were conducted to investigate Ra adsorption onto the surfaces of montmorillonite (the 
main and functional component of bentonite) and zeolite.  

Measured concentrations from the SIMFUEL dissolution tests to natural ground water in anaerobic 
conditions where at the same level as in the background sample, so it is possible that detected Ra-226 
originates from the ground water. Nevertheless, measured Ra-226 concentrations were very low (~1 ∙10-
12 mol/L).  
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Reaction experiments of bentonite and bentonite – zeolite mixed materials showed that even 5 % zeolite 
addition increases the material’s sorption capacity, especially for Ba2+. Due to the demanding and time-
consuming nature of Ra-226 analysis, only few samples were able to be analysed. However, significantly 
better sorption capacity of 20 % zeolite – 80 % bentonite mixture could be seen compared to pure 
bentonite. 

Molecular simulations showed clear differences in the adsorption properties of montmorillonite and zeolite 
A. Simulations suggested that the partition coefficient KD depends on the initial concentration in water. 
Although the Ra concentrations considered here were much higher than is feasible to study 
experimentally, the results indicated a significantly higher adsorption capacity for zeolite than 
montmorillonite, which is in line with the experimental results. 
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