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Kurzzusammenfassung 

Das Ziel dieses Projektes war die Untersuchung des geochemischen Verhaltens von Actiniden, 

hauptsächlich von Neptunium (Np) und Plutonium (Pu) und des Spaltproduktes Technetium 

(Tc) in Lösungen höherer Ionenstärke, wie sie für Endlagersysteme in Tonformationen in 

Norddeutschland relevant sind. Dazu wurden Sorptions- und Diffusionsversuche mit Np, Pu 

und Tc durchgeführt, wobei Opalinuston (OPA) aus Mont Terri, Schweiz, als Referenz für ein 

natürliches Tongestein verwendet wurde. Als salinare Lösungen kamen NaCl, MgCl2 und 

CaCl2 mit einer Ionenstärke von bis zu 3 M zum Einsatz. Die Ergebnisse wurden mit den für 

synthetisches Opalinuston-Porenwasser (OPA-PW) erhaltenen Daten verglichen, das eine 

Ionenstärke von 0,4 M besitzt. 

Bei den Sorptionsuntersuchungen mit Np(V) und Montmorillonit wurde über einen 

Konzentrationsbereich von 10-4 – 10-12 M Np(V) und einem pH-Bereich von 2,5 – 10 

beobachtet, dass die Salinität der NaCl-Lösungen im Bereich von 0,1 – 3 M keinen 

signifikanten Einfluss auf die Sorption von Np(V) an diesem Tonmineral hat. Die erhaltenen 

Daten konnten mit Hilfe des Sorptionsmodells 2 SPNE SC/CE (2 Site Protolysis Non 

Electrostatic Surface Complexation and Cation Exchange) und der Specific Ion Interaction 

Theory (SIT) über den gesamten Ionenstärkebereich beschrieben werden. 

Bei der Sorption von Np(V) an OPA war in NaCl-Lösungen (0,1 – 2,8 M) ebenfalls keine 

Abhängigkeit von der Ionenstärke festzustellen. Jedoch zeigten Batch-Experimente zur 

Sorption von Np(V) in MgCl2-Lösungen eine Abnahme der Np-Sorption mit zunehmender 

Ionenstärke. Insgesamt ist die Sorption von Np(V) bei gleicher Ionenstärke in der zweiwertigen 

Erdalkalielektrolytlösung geringer als in NaCl und ähnlich wie in OPA-PW. In NaCl-Lösungen 

ist die Sorption von Np(V) an OPA zwischen 20 und 80 C von der Temperatur unabhängig. 

Für Pu(III) wurde das Sorptionsverhalten an OPA im pH-Bereich von 2 – 10 in NaCl-, MgCl2-, 

CaCl2-Lösungen und OPA-PW studiert. Eine Abhängigkeit der Pu(III)-Sorption von der Art 

des Elektrolyten und der Ionenstärke wurde nur im pH-Bereich 4.0 – 5.5 beobachtet, bei dem 

Ionenaustausch als Sorptionsmechanismus dominiert. 

Detailliert wurde die Diffusion von Np(V) in OPA mit NaCl als mobile Phase bei verschiedenen 

Temperaturen studiert und die entsprechenden Diffusionsparameter bestimmt. Bei Erhöhung 

der Ionenstärke von 1 M NaCl auf 3 M beobachtet man eine Verlangsamung der Diffusion von 



2 

Np(V). Im Temperaturbereich von 24 – 60 C verdoppelt sich der Koeffizient De für die 

Diffusion von Np(V) in OPA mit 1 M NaCl als mobile Phase. Untersuchungen mittels µ-XRF 

und Np LIII-Kante µ-XANES zeigten, dass Np(V) entlang seines Diffusionspfades im OPA 

zunehmend zu Np(IV) reduziert wird. Zu einem ähnlichen Ergebnis kamen auch die 

ortsaufgelösten Synchrotronstrahlungsmessungen zur Diffusion von Pu(V) in OPA. Je weiter 

Pu(V) in den Ton hinein diffundiert, um so mehr wird es zu Pu(III) und Pu(IV) reduziert. Um 

mit Hilfe der CE-ICP-MS die Speziation von Pu in Lösungen bei Sorptionsexperimenten zu 

bestimmen, wurden systematische Messungen der elektrophoretischen Mobilität µe der 

Actiniden Th, U, Np, Pu und Am in verschiedenen  Oxidationszuständen durchgeführt. 

Für Tc wurden die Sorption und Diffusion in OPA eingehend studiert. Obwohl Tc(VII) als 

TcO4
--Anion im neutralen pH-Bereich bei Batch-Experimenten an Luft nicht am Ton sorbiert 

wird, zeigten Tc K-Kante µ-XANES Untersuchungen, dass Tc(VII) unter anaeroben 

Bedingungen durch OPA teilweise zu Tc(IV) reduziert wird. Diese Reduktion von Tc(VII) zu 

Tc(IV)  ist wahrscheinlich der Grund, warum bei der Diffusion von Tc(VII) auch nach 182 

Tagen noch kein Durchbruch von Tc durch den OPA-Bohrkern (11 mm Dicke) beobachtet 

wurde. Hingegen erreichte bei dem Versuch an Luft die Diffusion von Tc(VII) bereits nach 60 

Tagen einen stationären Zustand. 

Die erhaltenen Daten verbessern die thermodynamische Datenbasis für die Wechselwirkung 

von Actiniden und Technetium mit Tongestein bei höheren Salinitäten und dienen als 

Eingangsparameter für die Langzeitsicherheitsanalyse eines nuklearen Endlagers. 
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Abstract 
The goal of this work was to study the geochemical behavior of the actinides, in particular 

neptunium (Np) and plutonium (Pu), and the fission product technetium (Tc) in solutions of 

higher salinity. These conditions are especially relevant for deposits in argillaceous rock 

formations in Northern Germany. Therefore, sorption and diffusion experiments with Np, Pu, 

and Tc were performed using Opalinus Clay (OPA) from Mont Terri, Switzerland, as a 

reference for natural clay. Solutions of NaCl, MgCl2, and CaCl2 were used as background 

electrolytes or mobile phases with ionic strengths up to 3 M. The obtained results were 

compared to previous ones using synthetic OPA porewater (PW) of 0.4 M ionic strength. 

The sorption of Np(V) on montmorillonite showed over a Np concentration range of 10-4 to 

10-12 M and a pH range of 2.5–10 no dependency on ionic strength in 0.1–3.0 M NaCl solutions. 

It was possible to model the obtained results using the 2 SPNE SC/CE (2 Site Protolysis Non 

Electrostatic Surface Complexation and Cation Exchange) model and the Specific Ion 

Interaction Theory (SIT) over the whole ionic strength range.  

The sorption of Np(V) on OPA in NaCl solutions showed no dependence on ionic strength. In 

case of MgCl2 solutions, the sorption decreased with increasing ionic strength. In general, the 

sorption of Np(V) at the same ionic strength of divalent electrolytes is smaller than in NaCl 

solutions and comparable to OPA PW. The temperature (20–80 °C) had no influence on the 

sorption of Np(V) on OPA in NaCl solutions. The sorption behavior of Pu(III) on OPA was 

investigated in solutions of NaCl, MgCl2, CaCl2, and OPA PW. An influence of the ionic 

strength could be observed in the pH range of 4.0–5.5 due to the dominating effect of the cation 

exchange mechanism.  

The effect of temperature on the Np(V) diffusion in OPA with NaCl as mobile phase was 

studied and the respective diffusion parameters were determined. With increasing ionic strength 

from 1 M to 3 M NaCl a slower diffusion was observed. In contrast to this, the diffusion 

coefficient De increased by a factor of two in the temperature range between 24 °C and 60 °C.  

Spatially resolved investigations using µ-XRF and Np LIII-edge µ-XANES showed a 

progressive reduction of Np(V) to Np(IV) along its diffusion pathway. Similar results were 

obtained for the diffusion of Pu(V) in OPA using synchrotron based techniques. Pu(V) was 

reduced mainly to Pu(III) and Pu(IV). To study the speciation of Pu in solution after sorption 
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experiments, CE-ICP-MS measurements were performed and the electrophoretic mobility (µe) 

was determined for the actinides Th, U, Np, Pu, and Am in different oxidation states from III 

to VI.  

Additionally, the sorption and diffusion of Tc was studied intensively. Tc(VII), present as 

pertechnetate (TcO4
-), did not sorb on OPA at neutral pH under ambient-air conditions, 

although µ-XANES measurements at the Tc K edge showed partial reduction to Tc(IV)under 

anaerobic conditions. This reduction might be the reason why no break-through (11 mm bore 

core length) was observed after 182 days under anaerobic conditions. In contrast to that, a steady 

state of the flux of Tc was reached within 60 days for experiments under aerobic conditions. 

The results of this study improve the thermodynamic database for the uptake of actinides and 

technetium by clay rocks at higher salinity and serve as input parameters for the performance 

assessment of a future nuclear waste repository. 
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Introduction 

Germany considers argillaceous rock formations as a potential host rock for a deep geological 

repository for high-level long-lived radioactive waste. Beside Opalinus Clay (OPA) deposits in 

Southern Germany, Jurassic argillaceous rock formations in Northern Germany are discussed 

as potential host rock. Groundwaters, which are in contact with these Jurassic and Triassic clay 

formations are known as formation waters containing Na-Ca-Mg-Cl brine solutions with 

salinities close to saturation. The salt concentration in groundwaters such as Gorleben or pit 

Conrad [1] are significantly higher (up to 4 mol/L) compared to OPA pore water (0.4 mol/L) 

[2]. The high salinity of these waters may influence the speciation of radionuclides and their 

sorption in the near field or transport in the far field of the repository. Due to the heat released 

from high-level nuclear waste, the surrounding of the waste containers will warm up 

significantly. Concepts for the disposal of nuclear waste in clay formations proceed on the 

restriction that the temperature at the contact surface of the containers has to stay below 100 °C 

[3]. An increase in temperature might change the physical and chemical properties of the clay 

and influence the sorption and migration of the radionuclides. While most studies on the 

migration behavior of radionuclides are performed at room temperature, less is known about 

their sorption and diffusion behaviors at elevated temperatures.  

Neptunium (Np) and plutonium (Pu) are the primary actinides of fundamental concern for long-

term storage of nuclear waste due to their long half-lives (t1/2 = 2.14 × 106 a for 237Np and  

2.41 × 104 a for 239Pu) and radiotoxicity [4]. Both radioelements are redox-sensitive with two 

or more stable oxidation states under environmentally relevant conditions. This fact requires 

specialized techniques to determine the oxidation state after the uptake on clay, which can be 

provided by synchrotron based measurements (µ-XANES, EXAFS). Furthermore, µ-XRF 

measurements can be used to determine the spatial distribution of the investigated 

radionuclides. The Kd value, as one of the most important parameters to evaluate the migration 

behavior of radionuclides in argillaceous rocks, can be determined by both sorption and 

diffusion experiments. Although diffusion experiments are more complex to perform and take 

a longer time, they may be more representative for simulating the transport of radionuclides in 

the environment. Nevertheless, some studies showed a good agreement between these two 

methods [5-8]. For safety assessments it is important to develop a robust sorption and diffusion 

model based on the determined experimental data. 
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1 Sorption of Np on montmorillonite under saline 

conditions 

1.1 Experimental procedure of batch studies 

To investigate the sorption behavior of Np we used batch sorption experiments. The general 

procedure is described below and did not vary if not stated otherwise. The clay mineral 

montmorillonite (STx-1), obtained from the Source Clay Repository (Clay Minerals Society, 

USA) had to be purified and transformed into the Na-form prior to use as described in the 

literature [9]. All solutions and background electrolytes were prepared as described in the 

Appendix. In experiments with high Np concentration we used 237Np, spiked with 239Np for 

lower detection times. In experiments at low Np concentration (≤ 10-10 M) we used exclusively 
239Np. The preparation and purification of both stock solutions – 237Np and 239Np – is described 

in the Appendix. 

Batch sorption experiments under anaerobic conditions were performed in an argon glove box 

(Ar ≥ 99.99%, ��� � 0.1 ppm) to exclude oxidation processes by O2 and to eliminate carbonate 

complexation by dissolved CO2. Aerobic batch experiments were carried out under ambient air 

conditions, with addition of NaHCO3 / Na2CO3 solutions for pH > 7 to equilibrate the 

suspensions with atmospheric CO2 (���� � 10	
.�	atm). To obtain solid-to-liquid ratios of 2–

18 g/L for Na-STx-1, a suspension of the desired S/L ratio and background electrolyte was 

pipetted into 10 mL polycarbonate vials (Beckman Coulter, USA) and left for preconditioning 

on an end-over-end rotator (SB 3, Stuart Scientific, UK) for 72 h. To avoid shifts of the pH 

during batch experiments, buffer solutions were added to the samples as suggested by Bradbury 

and Baeyens [10]. The used buffers are given in Table 1 and were chosen because of their weak 

complexation affinity towards metals [11]. The final buffer concentration in the samples was  

5 × 10-3 M. Any pH adjustment was carried out using freshly prepared solutions of NaOH and 

HCl ranging from 0.01 M to 5 M. After adjusting the pH to the desired value, aliquots of the 

stock solution of 237Np/239Np were added. Under high saline conditions one has to take into 

account the influence of the ionic strength on the pH. Therefore, an additional value (parameter 

A) had to be added to the experimental pH to correct for ionic-strength effects. Detailed 

information are given in the Appendix. 
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Table 1: List of used buffers in batch sorption experiments. 

Buffer pKa pH range 

AA (acetic acid) 4.76 4.5–5.5 

MES (2-(N-morpholino)ethanesulfonic acid 6.15 6.0–7.0 

MOPS (3-(N-morpholino)propanesulfonic acid) 7.20 7.5–8.0 

TRIS (Tris(hydroxymethyl)aminomethane 8.06 8.5–9.0 

CHES (2-(cyclohexylamino)ethanesulfonic acid) 9.55 9.5–10.0 

After the addition of the radionuclide of interest, the pH was readjusted (ΔpH = ± 0.05) and the 

samples were filled up to 8 mL for the 10 mL sample tubes. During the contact time of 72 h the 

pH was regularly controlled and readjusted if necessary. Prior to the separation process the pH 

was measured to determine the final value. To separate the solid and liquid phases, the samples 

were centrifuged at first at 5000 rpm for 5 minutes with a Sigma 3K30 centrifuge (Sigma 

Laborzentrifugen, Germany) to allow the majority of the solid phase to gather at the bottom of 

the tube. A complete separation was achieved at 30,000 rpm for 1 h with an Avanti J-30I 

(Beckman Coulter, USA). For quantification of the supernatant solution aliquots of 0.5 mL or 

1.0 mL were taken for γ-ray spectroscopy measurements. For liquid scintillation counting 

(LSC) measurements 1 mL of the supernatant was added to 10 mL scintillation cocktail (Ultima 

GoldTM XR, PerkinElmer LAS GmbH, Germany) and quantified with a Hidex 300 SL (Hidex, 

Finland). Eh measurements were performed after phase separation. 

The percentage sorption derives from the following equation: 

Sorption% � �1  �An����An�� � ∙ 100%. (1)

Another form of presenting the sorption independent of the solid-to-liquid ratio is the 

distribution coefficient Kd defined by following equation: 

K� �
V
m ∙ ��An��  �An����An��� � , (2)
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where [An]eq (mol/L) is the radionuclide concentration in equilibrium (concentration in the 

supernatant), [An]0 (mol/L) is the initial concentration of the radionuclide, V (m³) is the sample 

volume and m (kg) is the mass of sorbent. 

1.2 Sorption of Np on montmorillonite 

We studied the influence of pH, ionic strength, Np(V) concentration, and background 

electrolyte under aerobic and anaerobic conditions on the sorption of Np(V) on pure mineral 

phases such as montmorillonite. The general procedure is described in section 1.1 and was not 

varied as long as stated otherwise. As mentioned within the general procedure, the purchased 

clay was purified and transformed into the homo-ionic Na-form. It is from now on quoted as 

Na-STx-1, which indicates the homo-ionic Na-form (prefix “Na-“) and the clay batch type 

(suffix “STx-1”).  

The influence of the solid-to-liquid ratio (2–18 g/L) on the Np(V) sorption at different 

background electrolyte concentrations (0.1, 1.0, and 3.0 M NaCl) is shown in Figure 1. As one 

can see, the log Kd values are constant within the uncertainties over a solid-to-liquid ratio of  

2–18 g/L. Average log Kd values were 1.7, 1.5, and 1.6 for 0.1 M, 1.0 M, and 3.0 M NaCl 

solutions, respectively. Taking the respective errors into account, there is no significant 

influence of the ionic strength on the sorption of Np(V). Nagasaki et al. reported for Np(V) 

sorption on illite, shale, and MX-80 in SR-270-PW log Kd values independent of the ionic 

strength in a range of 0.1 to 4.6 M of a Na-Ca-Cl brine solution [12]. The study of Li et al. on 

the sorption of Np(V) on Na-bentonite showed for pH 8.5 no influence of the NaCl 

concentration [13]. The same was observed by Kasar et al., who investigated the retention of 

Np(V) by a smectite-rich clay in dependence of the ionic srength (0.1–1.0 M NaCl) [14], which 

is in very good agreement with our experiments. 
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Figure 1: log Kd of Np(V) (8  10-6 M) against the S/L ratio of Na-STx-1 at pH 8 under aerobic conditions in 

0.1 M NaCl (black squares), 1.0 M NaCl (red dots), and 3.0 M NaCl (green triangles) solutions. 

As the Np concentration can vary over a wide range within a repository, corresponding 

experiments were performed. The initial Np(V) concentration was varied between  

1 × 10-4 M and environmentally relevant concentrations of 1 × 10-12 M at pH 8.5 in various 

NaCl solutions as background electrolyte (0.1–3.0 M) at 4 g/L Na-STx-1.  

As in the previous study, no dependence of the Np(V) uptake by Na-STx-1 on the NaCl 

concentration can be observed (Figure 2, left). Only slight differences within the respective 

errors are apparent. Due to the higher pH in this isotherm experiment (pH 8.5), the log Kd values 

are slightly higher than in the previous batch experiment at pH 8.0. This observation is not 

surprising because of the pH dependent sorption of Np(V), where with increasing pH the uptake 

increases as well. Until a concentration of 1 × 10-7 M the Np uptake is constant and does not 

show any influence of the Np(V) concentration, which changes at higher concentrations. It 

seems as if a maximum uptake boundary is reached at 1 × 10-7 M, from which on the strong 

binding sites are saturated and complexation on weak sorption sites has to be taken into account. 

Starting from an average log Kd value of 2.5 for the concentration range of 1 × 10-12 M to 1 × 

10-7 M, the log Kd decreases to 1.7 for 1 × 10-4 M Np(V).  
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Figure 2: Np(V) sorption isotherm at pH 8.5 on 4 g/L Na-STx-1 under anaerobic conditions in 0.1 M NaCl (black 

squares), 1.0 M NaCl (red dots), and 3.0 M NaCl (green triangles) solutions. 

The data of the sorption isotherm in Figure 2 (right figure) can be described by two linear 

regressions crossing at a ceq value of about 10-7 M. This finding is congruent with the previously 

made observation that the log Kd values decrease with increasing Np(V) concentration. 

Since the sorption mechanisms are strongly depending on the speciation of the surface and the 

radionuclide, which vary with pH, we investigated the sorption of Np(V) on Na-STx-1 over a 

wide range of pH (2.5–10.0) under aerobic and anaerobic conditions. Figure 3 shows the results 

of the pH dependent sorption of Np(V) (8 × 10-6 M) on Na-STx-1 in 0.1 M NaCl solution under 

aerobic and anaerobic conditions. In the acidic range the cation exchange on permanently 

negatively charged sites predominates the sorption mechanism. Since NpO2
+, which is the main 

species in the acidic pH range, is quite large because of the two axial oxygen atoms and has a 

small effective charge (2.3) compared to tri-, tetra-, and hexavalent actinides (3, 4, and 3.3, 

respectively) [15], the tendency for an exchange reaction is quite low and thus comparable to 

the Na+ cation [16]. With rising deprotonation of the surface hydroxyl groups, surface 

complexation becomes increasingly important. The first complexation starts at approximately 

pH 6.5 and seems to reach a local maximum at pH 7 to 8 with a log Kd value of 1.5. No 

differences can be observed between the sorption edges under aerobic and anaerobic conditions 

to that point. The first gaps appear at pH values ≥ 8.5 and become significant at pH ≥ 9.5. 

Whereas the sorption in the anaerobic samples increases further, the sorption in the aerobic 

samples decreases due to Np(V) complexation with dissolved carbonate. 
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Figure 3: log Kd of Np(V) (8 × 10-6 M) against the pH on Na-STx-1 in 0.1 M NaCl solution under ambient air 

condition (red dots) and Ar atmosphere (black squares). 

The maximum sorption is reached for the aerobic samples at pH 9 with a log Kd value of 2.0. 

Under CO2-free conditions the sorption increases continuously up to a log Kd value of 3.0 at  

pH 10. This difference in the sorption curves under aerobic and anaerobic conditions is known 

from the literature [17-19]. 

Figure 4 presents the sorption curves of Np(V) (3.5 × 10-12 M) on Na-STx-1 in 0.1 M and  

1.0 M NaCl solutions under aerobic conditions. As one can see the ionic strength does not have 

any significant influence on the sorption of Np(V) on Na-STx-1 in the pH range of 5–9. 

Maximum sorption is observed at pH 8 with a log Kd value of 2.3. As described above the 

decrease in sorption above this pH derives from carbonate complexation. The overall higher 

sorption values at the environmentally relevant concentration range (3.5 × 10-12 M) agrees with 

the results shown in Figure 2.  
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Figure 4: log Kd against the pH of Np(V) (3.5 × 10-12 M) on Na-STx-1 in 0.1 M NaCl (black squares) and 1.0 M 

NaCl (red dots) solutions under ambient air conditions. 

1.3 Modeling the sorption of Np under saline conditions 

An important point in the assessment of a deep geological waste repository is the prediction of 

species distribution and migration of radionuclides. Therefore, predictive models have to be 
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on the other hand are as simple as possible without neglecting important parameters. The model 
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conditions as these can change within a repository and its far-field. One of these models is the 

2 Site Protolysis Non Electrostatic Surface Complexation and Cation Exchange  model 

(2 SPNE SC/CE) developed by Bradbury and Baeyens [9, 20]. It provides good results for low 

and medium ionic strengths and is due to its simplicity applicable over a wide range of 

conditions [16, 21, 22]. Table 2 summarizes the non-adjustable parameters which are specific 

for Na-montmorillonite and were determined by modeling titration experiments [20]. Since we 

focused on modeling data under saline conditions, we had to take into account the decreasing 

activities due to high ionic strength. Therefore, we used the Specific Ion Interaction Theory 

(SIT). The default database of MinteQ v3.0 [23] served as thermodynamic database. 
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Table 2: Summary of clay specific parameters [20]. 

log Kprotolysis 

Site Site density SOH + H+ → SOH2
+ SOH → SO- + H+

sSOH 2 × 10-3 mol/kg 4.5 -7.9 
w1SOH 4 × 10-2 mol/kg 4.5 -7.9 
w2SOH 4 × 10-2 mol/kg 6.0 -10.5 

CEC 0.870 eq/kg   

Most of the studies mentioned above were conducted in NaClO4 as background electrolyte, and 

due to the very weak complexation of perchlorate anions (ClO4
-) it is a suitable medium to study 

the sorption behavior of radionuclides without interference of the background electrolyte. 

Figure 5: Differences in the 2SPNE SC/CE model between 0.1 M NaCl (data from Figure 3, red squares, 

8 µM Np(V)) and 0.1 M NaClO4 (data from [22], black circles, 1.1 µM Np(V)) as background electrolytes for the 

Np(V) sorption on Na-montmorillonite.  Ksel = 1.1, log K1 = -2.8, log K2 = -12.8 [22]. 

Figure 5 shows the predicted differences in the sorption of Np(V) on Na-montmorillonite 

between 0.1 M NaCl (red line) and 0.1 M NaClO4 (black line) background electrolyte solutions. 

While the experimental data shows no difference, the model predicts slight deviations in the 

upper pH range, which result from different starting concentrations. The  

initial Np(V) concentration in the literature data was 1.1 × 10-6 M and in our experiments  
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8.0 × 10-6 M. Table 3 shows the used input reactions and the respective values of the logarithmic 

equilibrium constants (log K1 and log K2) in the case of surface-complexation reactions and the 

equilibrium constant (Ksel) in the case of ion-exchange reactions. 

Table 3: Used equilibrium reactions for model input and its respective nomenclature [22]. 

Reaction Nomenclature Value 

NaX � NpO�� → NpO�X � Na� ���� 1.1 

SOH � NpO�� → SONpO� � H� log K1 -2.8 

SOH � NpO�� � H�O → SONpO��OH	
 � 2H� log K2 -12.8 

As described in section 1.2, the ionic strength does not have any significant influence on the 

Np(V) uptake. These results were tested by the model for increasing NaCl concentrations up to 

1 M including and excluding ambient air conditions (��� � 10
�.�atm	 as shown in Figure 6.  

Figure 6: 2 SPNE SC/CE model for Np(V) sorption on Na-montmorillonite in 0.1 M NaCl (black line) and 1.0 M 

NaCl (red line) solutions under Ar atmosphere (left, [Np(V)] = 8 µM) and ambient air (right, [Np(V)] = 3.5 pM) 

with Ksel = 1.1, log K1 = -2.8, log K2 = -12.8, log K3 = 1.9. 

A major influence can be seen in the acidic range, where the sorption decreases with increasing 

NaCl concentration due to the cation-exchange mechanism, which is the main contributor to 

sorption in this pH range. The other gap arises from the dissolved CO2 as aquatic CO3
2-, which 

forms very stable and negatively charged complexes with Np(V). These negative complexes 

are repelled by the negatively charged surface due to electrostatic repulsion, which makes it 

very difficult to form surface complexes. Therefore, the uptake of Np(V) lowers under aerobic 

conditions at pH > 8, which is described correctly by the model. The decrease in sorption is 

stronger for higher NaCl concentrations because of the increased carbonate content in solution 
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due to equilibrium shifts. This means that with increasing Na+ concentration the dissolution 

capacity of atmospheric CO2 in the background electrolyte increases. 

Testing the 2 SPNE SC/CE model on our experimental data of Figure 4 – shown in Figure 7 –

revealed, that the predicted decrease of the model did not describe the data satisfactorily (dotted 

line). Therefore, an additional surface-complexation reaction was included. 

Figure 7: log Kd against the pH of Np(V) (3.5 × 10-12 M) on 17 g/L Na-STx-1 in 0.1 M NaCl (black squares) and 

1.0 M NaCl (red dots) solution under aerobic conditions. Solid lines represent the predicted sorption by the 2 SPNE 

SC/CE model with Ksel = 1.1, log K1 = 2.8, log K2 = 12.8, log K3 = 1.9 and the dotted lines represent the model 

without log K3. 

This species was “SONpO2(CO3)2-“ with a log K3 value of 1.9 as assumed in the literature [24]. 

The contribution of this species lies in the upper pH range between pH 8 and 10 and prevents 

that the sorption curve falls off too rapidly. For the 0.1 M NaCl solution the experimental data 

is described quite well by the model while in the 1.0 M NaCl solution the deviation becomes 

more pronounced. Unfortunately, no data for the 1.0 M NaCl solution is available in the lower 

pH range. To verify that the used parameter set is applicable over a wide range of concentration, 

the measured sorption isotherm of Figure 2 was modeled as shown in Figure 8. 
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Figure 8: Sorption isotherm of Np(V) on Na-montmorillonite at pH 8.5 in NaCl solutions under Ar atmosphere. 

The solid lines represent the predicted sorption by the 2 SPNE SC/CE model with Ksel = 1.1, log K1 = -2.8,  

log K2 = -12.8, log K3 = 1.9. 

The high-concentration part of the isotherm is described very well and only small deviations 

between the experimental data and the predicted curve occur in the low-concentration range at 

about 1 × 10-8 M and below.  

It can be concluded that the 2SPNE SC/CE model can be used to describe the sorption under 

saline conditions up to ≤ 3 M and Ar atmosphere. For ambient air conditions the model is 

applicable for 0.1 M NaCl concentration, but small differences between the experiment and the 

model do exist in 1.0 M NaCl solution as shown in Figure 7. 
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2 Sorption of Np and Pu on Opalinus Clay under saline 

conditions 

This section focuses on the investigation of Np and Pu uptake by Opalinus Clay (OPA) 

depending on various parameters such as pH, ionic strength, type of background electrolyte, 

radionuclide concentration, clay concentration, and temperature. Batch experiments with 

Np(V) and Pu(III) were performed similar to the procedure described in section 1.1. Opalinus 

clay powder (Mont Terri, Switzerland) with grain sizes < 63 µm was stored respective to its use 

under ambient air for aerobic experiments (BHE 24/1) or in an Ar glove box for anaerobic 

experiments (BHE 24/2). The dry powder was weight into 10 mL polycarbonate tubes 

(Beckman Coulter, USA) and filled with the desired background electrolyte. After a 

preconditioning period of 3 days on an end-over-end rotator (SB 3, Stuart Scientific, UK) it was 

proceeded as described in section 1.1.  

It is assumed that in a deep geological repository containing OPA as host rock material reducing 

conditions will be present [25] and hence we used Pu in the trivalent oxidation state in our 

studies. All batch experiments with Pu(III) were replicated with Am(III) to ensure that no 

oxidation of Pu to the tetravalent or higher states has taken place. Furthermore, the redox 

potential of the supernatant solution was measured and compared with pe-pH diagrams showing 

the areas of dominating oxidation states. The Pu(III) experiments were carried out in an argon 

glove box under exclusion of O2 and CO2, whereas the Am(III) experiments were performed 

under ambient air conditions, but without addition of carbonate solutions for equilibration with 

ambient air CO2. 

2.1 Sorption of Np on Opalinus Clay 

Figure 9 shows the log Kd values for the Np(V) sorption on OPA (15 g/L) at pH 7.6 for varying 

NaCl concentrations under aerobic conditions. The highest Np(V) concentration was chosen so 

that Np precipitations were suppressed. The log Kd values of Np(V) are constant in the low 

concentration range up to 10-9 M. This accounts for the abundance of strong sites in relation to 

Np(V), so that the sorption solely depends on the degree of complexation of Np(V) in solution. 
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As the Np(V) concentration rises the strong site capacities of the clay minerals get gradually 

exhausted and the log Kd value decreases. These results are comparable to those gained in the 

previous section for Np(V) sorption on Na-montmorillonite and to literature data [17]. The 

second effect studied in these experiments was the influence of the NaCl concentration. The 

NaCl concentration varied between 0.1 and 2.8 M. One can see that there is no significant 

influence of the ionic strength on the sorption of Np(V) on OPA. This is also consistent with 

the results of section 1.2.  

Figure 9: log Kd and log x/m for the sorption of Np(V) on OPA as a functions of the Np(V) equilibrium 

concentrations (ceq) at pH 7.6 under aerobic conditions for 0.1–2.8 M NaCl solutions and OPA PW. 

The clay pore waters of Northern Germany contain besides high NaCl concentrations elevated 

concentrations of divalent cations such as Ca2+ and Mg2+. The competitive effect of divalent 

cations in the background electrolyte on the Np(V) sorption has already been reported in the 

literature to be much more pronounced than for the monovalent cations [26]. However, this 

study was prepared in diluted solutions and not in saline. For the investigation of the effect of 

divalent cations on the sorption of Np(V) on OPA in high saline solutions, batch experiments 

were performed at pH 7.6 under aerobic conditions with 8  10-6 M Np(V) in ionic strengths of 

0.1 M and 3.0 M MgCl2 (c = 0.033 M and 1.0 M, respectively) over a pH range of 3.5–8.5. The 

maximum pH is limited by the precipitation of Mg(OH)2 in the alkaline region. The 

concentration of 0.1 M is exactly the same as in [26], so that the results of the previous sorption 

experiment in diluted solution could be validated. Supplementary samples were prepared under 

anaerobic conditions without differing results as presented in Figure 10. The results show a 

significant influence of the concentration of the divalent cation Mg2+. The rise of the Np(V) 

sorption on OPA begins for both ionic strengths above pH 5.5 and increases to 80% in 0.1 M 

and approximately 50% in 3.0 M MgCl2 solution. Furthermore, the results are matching those 
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in [26] and account for a log Kd of 1.8 ± 0.1 at pH 7.8 in solution with I = 0.1 M MgCl2 and in 

this study for 1.7 ± 0.1 at the slightly lower pH of 7.7. In contrast to these values, the log Kd in 

I = 3.0 M MgCl2 solution reaches only a value of 1.3 ± 0.1 at pH 7.6. 

Figure 11 compares the sorption results for OPA at pH 7.6 and high salinity, with the Np(V) 

sorption in synthetic OPA porewater [26] with ionic strength of 0.4 M (all under aerobic 

conditions and with 8 µM Np(V)). 

Figure 11: Influence of the background electrolyte and its ionic strength on the sorption of Np(V) (8 × 10-6 M) on 

OPA at pH 7.6 under aerobic conditions. 
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Figure 10: Left figure: Sorption of Np(V) (8 × 10-6 M) on 20 g/L OPA in I = 0.1 M MgCl2 solution. Right figure: 

Sorption of Np(V) (8 × 10-6 M) on 20 g/L OPA in I = 3.0 M MgCl2 solution. 
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As mentioned above, one can see the decrease of the Np(V) sorption in high saline MgCl2

solutions, while the sorption in 0.1 and 2.8 M NaCl solutions is higher and remains constant. 

For OPA PW as background electrolyte, the sorption values are lying in-between. This means 

the log Kd is slightly higher than in 3 M MgCl2, but lower than in 0.1 M MgCl2. These findings 

can be explained by the competitive behavior of the divalent cations Mg2+ and Ca2+. In the case 

of MgCl2 as background electrolyte, Mg2+ blocks strong surface binding sites so that these are 

not available for the Np uptake. This mechanism depends on the concentration and therefore 

the Np sorption decreases with increasing Mg2+ concentration. In OPA PW Mg2+ as well as 

Ca2+ ions are present with a combined ionic strength of I = 0.12 M (c = 0.04 M). This explains 

the medium sorption value of Np(V) with OPA PW as background electrolyte.  

Another influence on the sorption behavior could arise from the elevated temperatures 

appearing in the near field of a long-term geological repository for high-level radioactive waste 

(HLW). A sorption experiment with Np(V) and OPA in synthetic OPA PW was done by 

Fröhlich et al. for temperatures between 40 and 80 °C showing an increase of sorption by 

approximately one order of magnitude in the log Kd [26]. Therefore, the sorption of Np(V) was 

studied in 0.1 M and 3.0 M NaCl solutions at 80 °C. The results are shown in Figure 12.

Figure 12: Influence of the temperature (80 °C) on the Np(V) (8 × 10-6 M) sorption on OPA in dependency of S/L 

ratio (4–20 g/L) and NaCl concentrations (0.1 and 3.0 M) at pH 7.6. The red line represents the log Kd value of 

similar sorption experiments performed at room temperature. 
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The elevated temperature does not seem to have an impact on the Np(V) uptake on OPA neither 

in diluted nor in saline NaCl solutions compared to the uptake at 20 °C. The difference between 

both temperatures is only 0.1 log units, which is within the typical errors of batch experiments 

and is therefore negligible. These results are supported by studies made by Li et al., who found 

no influence of temperature (15–80 °C) on the sorption of Np(V) 

(4 × 10-7 M) on Na-bentonite (10 g/L) in 0.1 M NaCl solution [13]. On the other hand, this is 

in contradiction to previously made studies which illustrated a significant influence of the 

temperature on the Np(V) sorption on OPA in OPA PW [26] and on hematite, montmorillonite, 

and silica in Yucca mountain on-site well water [27]. 

In [26] the sorption increased from log Kd values of 1.4 at room temperature to 2.8 at 80 °C, 

which is similar to results gained in [27], where the log Kd increased by one order of magnitude 

for the Np(V) sorption on montmorillonite. The authors explained the observed behavior by an 

endothermic sorption of NpO2
+ and a possibly higher deprotonation of the surface due to a 

shifted point of zero net proton charge (pHpznpc). The main difference between these 

experiments ([26] and [27]) and our own as well as [13] is the background electrolyte which is 

in the first cases pore water and well water, containing a complex matrix of electrolytes. On the 

other hand, a simple matrix consisting of NaCl was used by Li et al. [13] and in our experiments. 

As Ca2+ and Mg2+ are present in the pore and well waters, precipitations of MgCO3 and CaCO3, 

which have exothermic enthalpies of solution [28], might occur. Based on the contradicting 

findings and literature data, the influence of the temperature on the Np(V) sorption demands 

further investigations. 

2.2 Sorption of Pu on Opalinus Clay 

The first batch experiment focused on the influence of the pH and redox stability of Pu(III) 

during the sorption experiment. Sorption curves were measured for Pu(III) 

(4 × 10-7 M) at anaerobic and for Am(III) (4 × 10-7 M) at aerobic conditions with 2 g/L OPA in 

0.1 M NaCl solution as background electrolyte. The results are shown on the left in Figure 13. 

The perfectly matching curves support the assumption that during the experiment Pu(III) was 

not oxidized to Pu(IV) at least up to pH 6. As one can see, there is a strong influence of the pH 

on the sorption, with 50% sorption (sorption edge) at pH 4 and a complete Pu uptake above  

pH 6. The right side of Figure 13 presents similar batch experiments with Pu(III) (4 × 10-7 M) 
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and Am(III) (2 × 10-7 M) and 2 g/L OPA in OPA PW. Compared to the sorption experiments 

in 0.1 M NaCl solution, the strong pH dependence remains the same, but the point of 50%  

sorption as well as the point of quantitative uptake are shifted to higher pH values of 5.5 and 7, 

respectively. Buda et al. investigated the sorption of Pu(III) (1 × 10-6 to 1 × 10-8 M) as well as 

Am(III) (8 × 10-9 M) on 4 g/L kaolinite in 0.1 M NaClO4 under aerobic and anaerobic  

conditions [29]. The sorption curves on kaolinite are slightly different in the point of 50% and 

100% sorption, which are shifted to higher pH values (pH 5 and 9, respectively). This difference 

could arise from the higher pHpznpc of kaolinite compared to illite and montmorillonite [30], 

which are assumed to be the main sorbing clay minerals in OPA. 

The different sorption behavior of these two background electrolytes can be assigned to the 

influence of the divalent cations present in OPA PW. As mentioned previously for Np(V) in 

section 2.1, divalent cations compete for strong sorption sites as well as cation exchange sites. 

To investigate the possible influence of divalent cations, the sorption of Pu(III) (2 × 10-7 M and 

4 × 10-7 M ) and Am(III) (5 × 10-7 M and 4 × 10-7 M ) on OPA (2 g/L) in 0.1 M CaCl2 and 

0.1 M MgCl2 solution was studied as shown in Figure 14 on the left and right, respectively. The 

experimental conditions were the same as for the studies in NaCl solution and OPA PW. The 

sorption curves of Pu(III) and Am(III) match again very well for both background electrolytes, 

except for the sorption value of Pu(III) at pH 5.5. In both solutions this particular pH shows 

sorption of about 99% rather than 50% as expected from the Am(III) sorption curve. This 

behavior is not seen in NaCl solutions due to the fact that the point of quantitative sorption is 

already reached at pH 5.5. Furthermore, the sorption edge in the divalent cationic background 
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Figure 13: Left figure: Sorption of Pu(III) (4 × 10-7 M) and Am(III) (4 × 10-7 M) on 2 g/L OPA in 0.1 M NaCl 

solution. Right figure: Sorption of Pu(III) (4 × 10-7 M) and Am(III) (2 × 10-7 M) on 2 g/L OPA in OPA PW. 
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electrolytes is steeper and the point of 50% sorption is at higher pH values (pH 5.5). These 

findings are very similar to those obtained in OPA PW and indicate that the amount of divalent 

cations in the OPA PW is playing a major role.  

Figure 15: Calculated pe-pH diagram for Pu(III) (4 × 10-7 M) in 0.1 M NaCl solution under anaerobic conditions 

using PhreePlot v1.0 [31] and the thermodynamic database of the PSI [32]. The circles represent the experimental 

data for the sorption experiments in 0.1 M NaCl (blue), 0.1 M CaCl2 (red), 0.1 M MgCl2 (black), and  

OPA PW (green). 
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Figure 14: Left figure: Sorption of Pu(III) (2 × 10-7 M) and Am(III) (5 × 10-7 M) on 2 g/L OPA in 0.1 M CaCl2. 

Right figure: Sorption of Pu(III) (4 × 10-7 M) and Am(III) (4 × 10-7 M) on 2 g/L OPA in 0.1 M MgCl2. 
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The measured Eh values indicate that Pu(III) is the main species at lower pH as shown in  

Figure 15. The circles represent the experimental redox potentials (SHE) which were measured 

in the supernatant after phase separation. The data shows that the solutions’ redox potentials 

range in the Pu(III) predominance area until pH 6 and raise beyond this point up to around 5–7 

pe and stay at this level while the pH increases further on. Therefore, the possibly predominant 

oxidation state at pH values higher than 6 is Pu(IV). Additional studies on the speciation of Pu 

in these batch experiments using CE-ICP-MS can be found in section 4.2.3. 

To investigate the influence of higher salinities on the sorption of Pu(III) such as 2 M NaCl 

solutions, which could be present in pore waters in Northern Germany [33], we studied the 

dependence of the sorption on the NaCl concentration. At pH 7.6 the sorption exceeded 99.5% 

which made it difficult to study influences on the sorption behavior at different NaCl 

concentrations. Therefore, we took the point of 50% uptake at pH 4. Solutions of 0.01 M,  

0.1 M, 1.0 M, and 2.0 M NaCl were prepared at pH 4 with a solid-to-liquid ratio of 2 g/L OPA 

and Am(III) concentrations of 4 × 10-7 M. The results are presented in Figure 16. 

Figure 16: Influence of the ionic strength of NaCl solutions and OPA PW on the sorption of Am(III) (4 × 10-7 M) 

onto 2 g/L OPA at pH 4 under aerobic conditions. 

Due to the fact that Am(III) could be handled under ambient air and does not undergo redox 

reactions, the studies of the impact of the ionic strength were not performed with Pu(III) but 

with Am(III). In diluted NaCl solutions (0.01 M) the sorption is about 65% and decreases with 
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increasing salt concentrations to 45% in 0.1 M NaCl, 16% in 1 M NaCl, and 10% in 2 M NaCl 

solutions. At such low pH values the main sorption process is cation exchange at permanently 

negatively charged sites. By introducing more Na+ cations into the system, the competition 

reaction with the radionuclide is enhanced, leading to a decrease in sorption at higher NaCl 

concentrations. Since the cation exchange process becomes less important at higher pH values 

(>7) and the sorption is dominated by surface complexation, the effect of increasing ionic 

strength in a NaCl medium will become less pronounced at pH ≥ 7, as observed for the sorption 

of Np(V) on OPA (Figure 11). The influence of divalent cations (Ca2+) is shown in Figure 17. 

Since the sorption curves of MgCl2 and CaCl2 did not show any differences, the sorption 

experiments were performed only with Ca2+ as a representative for the divalent ions. The pH 

was adjusted to 5.5 to be in the 50% sorption region, and the concentrations of Am(III) and 

OPA were 4 × 10-7 M and 2 g/L, respectively. As observed for NaCl solutions, the highest 

uptake (85%) takes place at the lowest ionic strength (0.03 M). The following decrease of 

sorption with increasing CaCl2 concentration is stronger than in NaCl solutions, whereby one 

has to take into account that the ionic strength is increasing much stronger with the 

concentration in CaCl2 mediums than in NaCl mediums. This leads to sorption values of 40%, 

12%, and 5% for the 0.3 M, 3.0 M, and 6.0 M solutions (which accounts for c(CaCl2) = 0.1 M, 

1.0 M, and 2.0 M), respectively. 

Figure 17: Influence of the ionic strength of CaCl2 solutions and OPA PW on the sorption of Am(III)  

(4 × 10-7 M) onto 2 g/L OPA at pH 5.5 under aerobic conditions. 
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To clarify whether the sorption of Pu(III) on OPA is reversible or not, we performed a two-step 

desorption experiment with four different samples at varying pH (2, 4, 6, and 8) after a Pu(III) 

batch sorption experiment. Subsequent to the removal of the supernatant after phase separation 

of the batch sorption experiment, the solid was resuspended in fresh background electrolyte 

solutions of the respective pH values. The contact time of Pu loaded clay with background 

electrolyte without Pu was 3 days, the same time as for the sorption experiments. Thereafter, 

another phase separation was carried out and aliquots of the supernatant were measured to 

determine the Pu concentration. In a second desorption step we contacted the solid phase, after 

complete removal of the supernatant of desorption step one, for 3 days with 0.01 M HCl to yield 

a background electrolyte of pH 2 which should be acidic enough to desorb nearly all Pu without 

dissolving the clay mineral. 

Because of the very strong sorption of Pu(IV) on clay minerals [34], the desorption should show 

deviations between the log Kd values of the sorption and the desorption experiments, if 

oxidation from Pu(III) to Pu(IV) had taken place.  

Table 4: log Kd values of the sorption and desorption experiments of Pu(III) (c0 = 4 × 10-7 mol/L) in 0.1 M NaCl 
solution. 

Sorption Desorption Acidic desorption 
Sample pH log Kd / log L/kg* pH log Kd / log L/kg* pH log Kd / log L/kg* 

Pu-1 2.1 1.9 2.1 2.3 2.0 2.6 
Pu-2 4.0 2.5 4.2 3.2 1.9 2.2 
Pu-3 6.3 4.9 6.3 5.2 1.9 2.3 
Pu-4 8.0 5.0 8.7 4.8 2.0 2.3 

* uncertainty in the log Kd values account for ± 0.25 log units 

The results in Table 4 show that the log Kd values from the desorption experiments are slightly 

higher than the values from the sorption experiments at the same pH. This leads to the 

conclusion that the sorption of Pu(III) on OPA is not completely reversible. Furthermore, this 

finding suggests the partial formation of Pu(IV) which is a very strongly sorbing species that 

cannot be totally removed even in strong acidic media (pH 2), similar to Np(IV) [35]. The 

obtained log Kd values of all samples at pH 2 in both desorption steps show good agreement 

(log Kd ~2.3).  
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3 Diffusion of Np in Opalinus Clay under saline 

conditions 

Our goal in this study was to investigate the transport behavior of Np in solutions of higher 

ionic strength at both room and high temperature (60 °C), as they are relevant for repository 

systems in clay formations in Northern Germany, and to compare the obtained results with 

previous results of diffusion experiments in synthetic OPA PW at room temperature (24 °C) 

under the same conditions [36].  

Owing to the small hydraulic conductivity (10-14 to 10-13 m/s [37]) of OPA, it is expected that 

the transport of radionuclides released from a repository will be dominated by diffusion 

processes. Due to little diffusion data available for Np and to extend our previous results of 

Np(V) diffusion in OPA [36], the diffusion of Np(V) was investigated as a function of ionic 

strength in NaCl solutions (I ≤ 3 M) at pH 7.6 and in dependence of the temperature (24 °C and 

60 °C) in 1 M NaCl solution.  

The experimental setup and all details of the diffusion experiments (through-, out-, and in-

diffusions) and the performed procedures are described below. The theoretical background and 

data processing of through-, out-, and in-diffusions have been described elsewhere [36-38].   

3.1 General procedure of diffusion experiments 

For diffusion experiments with Np, cylinders of about 25 mm diameter and 11 mm thickness 

were prepared from the aerobic OPA bore core (BLT 14), sandwiched between two stainless 

steel filter plates and mounted in a stainless steel diffusion cell (Figure 18). The direction of 

transport (diffusion) was perpendicular to the bedding for experiments using the abrasive 

peeling method and parallel for speciation investigations. The average dry density of the intact 

OPA was about 2400 kg/m³. As mobile phases synthetic OPA PW, 1 M NaCl, and 3 M NaCl 

solutions were used. All diffusion experiments with Np(V) were carried out under ambient air 

(aerobic conditions) and the temperature was between 24 ± 2 °C (room temperature) and  

60 ± 2 °C. The experimental setup can be seen in Figure 18 and follows the procedure of the 

through-diffusion experiments by Van Loon et al. [39]. Detailed information about our 

diffusion setup can be found also in [36].   
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To achieve an equilibrium between the OPA sample and the mobile phase, the sample was 

contacted from both sides with the respective solutions for at least 5 weeks.  

Figure 18: Schematic sketch (adapted from [39]) and a photography of the experimental setup for diffusion 

experiments in our laboratory. 

To determine the porosity of the used OPA sample and to exclude possible cracks which would 

make the sample unsuitable, HTO and 22Na+ diffusion experiments were conducted. The related 

effective diffusion coefficient (De), accessible porosity of the clay (ε) and the rock capacity 

factor (α) were calculated using the equation given by Van Loon et al. [38]. The distribution 

coefficient (Kd) of 22Na+ was calculated from the rock capacity factor under the assumption that 

the diffusion-accessible porosity of 22Na+ is the same as for HTO. 

� � � � � � �	, (3) 

where α is the rock capacity factor, ε the diffusion-accessible porosity, ρ the bulk dry density 

in kg/m3 and Kd the distribution coefficient in m3/kg (or L/kg). The diffusion parameters (De, ε, 

α) were obtained by fitting the results of the experimental data of the transient and steady state 
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phases to an analytical solution of the accumulated activity. The quality of the derived De and 

α values was tested by using them as input parameters in the equation for the flux. 


��, � � 1
� ∙
��
� , (4)

where J(L,t) is the flux at the low-concentration boundary (x = L) at diffusion time t, A (Bq/m3) 

the radionuclide activity in solution, t (s) the diffusion time and S (m2) the cross section area of 

the sample. If the diffusion parameters for HTO and 22Na+ were in good agreement with known 

values from the literature [39], the integrity of the OPA sample was assumed. 

After these through-diffusion experiments were finished, the out-diffusion was started by 

replacing both reservoirs with fresh vials containing the respective mobile phase without any 

radiotracer. The vials were changed daily until no activity was detectable in the reservoirs. The 

out-diffused amount of HTO/22Na+ was measured by LSC. Once the out-diffusion was finished, 

we spiked the 210 mL vial with 237Np(V) and started the in-diffusion experiment for 40 to 67 

days. Samples of 0.5 mL were taken on regularly time basis from the 210 mL vial to measure 

the decrease in activity, which indicates the amount of the Np that diffused into the OPA 

sample. Close to the end of the Np diffusion experiment, the high-concentration reservoir was 

exchanged by a smaller vial (20 mL) containing the same concentration of Np(V), and in 

addition 22Na+. Around 20 hours after exchanging the high-concentration reservoir, the 

diffusion was terminated, the OPA sample removed from the diffusion cell and attached to a 

sample holder for abrasive peeling with P220 abrasive paper as described elsewhere [36, 40]. 

The peeled OPA layers were measured by γ-ray spectroscopy to determine the 237Np (at 

29.37 keV and 86.48 keV) and 22Na+ (at 1274.5 keV) concentrations. Diffusion experiments at 

elevated temperatures were carried out in an incubator (INE-200 heating incubator, Memmert 

GmbH, Germany) with temperature fluctuations of less than ± 2 °C. The data analysis for 

through-, out-, and in-diffusion experiments was done with an in-house developed computer 

code as described in detail elsewhere [36, 37].  
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3.2 Influence of the background electrolyte on the diffusion of HTO, 22Na+, 

and Np(V) 

To study the influence of the background electrolyte and ionic strength on the diffusion of 

Np(V) in OPA, NaCl solutions with ionic strengths of 1.0 M and 3.0 M were used as 

background electrolyte. The obtained results were compared with previous diffusion studies 

using OPA pore water as mobile phase. Therefore, three cylinders of intact OPA were prepared 

from the OPA bore core BLT 14 and used in the diffusion experiments as described in 

section 3.1. To characterize the used OPA bore cores, through-diffusion experiments with HTO 

and 22Na+ were performed. All experimental details and obtained diffusion parameters (De, , 

and α) for HTO and 22Na+ are summarized in Table 5 and Table 6.

Table 5: Experimental details of cells 1 and 2 prepared under ambient air in NaCl solutions (1 M and 3 M) at  

pH 7.6. 

Cell Temp. / °C Mobile phase ø / mm l / mm   / kg/m³ 

1 24 1 M NaCl 25.48 11.00 2346 

2 24 3 M NaCl 25.42 10.90 2363 

3* 60 1 M NaCl 25.40 11.00 2377 

4* 60 OPA PW 25.45 11.00 2353 

* Cells used to study the influence of temperature in section 3.3 

Table 6: Diffusion parameters (De, ) for HTO (c0 = 1.3 × 109 Bq/m3) and (De, α, and Kd) for 22Na+

(c0 = 5.5 × 109 Bq/m3) in OPA obtained by through-diffusion experiments under ambient air in NaCl solutions 

(1 M and 3 M) at pH 7.6 and 24 °C. 

HTO 22Na+

ε 
De

/ 10-11 m2/s 


De

/ 10-11 m2/s 

Kd

/ L/kg 

1 M NaCl (cell 1) 0.18 ± 0.01 1.9 ± 0.1 0.35 ± 0.02 1.6 ± 0.1 0.10 ± 0.01 

3 M NaCl (cell 2) 0.18 ± 0.01 1.6 ± 0.1 0.20 ± 0.01 0.9 ± 0.1 0.01 ± 0.01 

OPA PW [36] 0.15 ± 0.01 1.5 ± 0.1 0.50 ± 0.02 1.9 ± 0.1 0.15 ± 0.03 

As shown in Table 6 the investigated OPA bore cores have a similar porosity, which agrees 

well with known values of Mont Terri OPA [25]. No ionic strength effect was observed for the 

diffusion of HTO in OPA, as it is apparent from the obtained De values for 1 M and 3 M NaCl 
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solutions. In the case of 22Na+ the De value decreases with increasing salt concentration from 

1.6 ± 0.1 × 10-11 m2/s in 1 M NaCl to 1.0 ± 0.1 × 10-11 m2/s in 3 M NaCl solution. Our results 

are in good agreement with published data by Glaus et al., who studied the diffusion of HTO 

and 22Na+ in compacted kaolinite, Na-illite, and Na-montmorillonite as a function of the salt 

concentration (0.1–1.0 M NaClO4) [41, 42]. Glaus et al. assumed that the 22Na+ diffusion in 

montmorillonite and illite, which are the main phases contained in OPA, occurs – in case of 

high salinities – preferentially in the interlayer or diffuse double layers in these clays. 

After the complete out-diffusion of HTO and 22Na+, in-diffusion experiments with 8 μM Np(V) 

were started. To assess the reliability of the diffusion technique and the determination of the 

diffusion parameter of Np in intact OPA, we performed in-diffusion experiment with 22Na+ as 

a control. The obtained diffusion parameters De and Kd of 22Na+ obtained by in-diffusion were 

in good agreement with those from through-diffusion experiments, indicating that both methods 

can be used to study the diffusion behavior of radionuclides in the clay. Np was given a period 

of 63 and 67 d to diffuse into the clay for cells 1 and 2, respectively. About 50 thin layers from 

the primary side of the clay were removed by the abrasive peeling method. The 237Np and 22Na+

activities in each layer were measured via -ray spectroscopy. 
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Figure 19: Diffusion profiles of 8 × 10-6 M 237Np(V) in OPA of cells 1 and 2 in NaCl solutions (1 M and 3 M) at 

pH 7.6 under ambient air at 24 °C together with the fit curves. 

The obtained diffusion profiles were evaluated using the equations given in [36] which are 

based on the model of Yaroshchuk et al., including a correction for the retardation effect of Np 

by the stainless steel filters [43]. Figure 19 shows the diffusion profiles of Np(V) in OPA of 
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cells 1 and 2 in NaCl solutions (1 M and 3 M) at pH 7.6 under ambient air at 24 °C together 

with the fit curves. 

The concentration profiles of 237Np(V) in the clay show that the diffusion distance for 237Np(V) 

is influenced by the ionic strength as described before for 22Na+. The penetration depth of Np 

in 1 M NaCl solution at 24 °C was 740 µm and thus significantly further than in 3 M NaCl 

solution with 550 µm. Despite the decrease of the penetration depth, no differences in either 

shape of the curves or the quality of the fit were observed. The results of the fitting represented 

by De, α, and Kd are summarized in Table 7. 

Table 7: Diffusion parameters (De, α, and Kd) for 237Np and 22Na+ in OPA determined by in-diffusion experiments 

of cells 1 and 2 in NaCl solutions (1 M and 3 M) at pH 7.6 under ambient air at 24 °C. 

237Np 22Na+


De

/ 10-12 m2/s

log Kd

/ log L/kg


De

/ 10-11 m2/s

Kd

/ L/kg 

1 M NaCl 742 ± 9 6.9 ± 1.2 2.5 ± 0.1 0.46 ± 0.01 1.6 ± 0.1 0.12 ± 0.01

3 M NaCl  455 ± 7 2.4 ± 1.0 2.3 ± 0.1 0.19 ± 0.002 1.0 ± 0.1 - 

OPA PW [36] 243 ± 4 6.9 ± 1.1 2.0 ± 0.1 0.44 ± 0.03 1.8 ± 0.2 0.14 ± 0.01

As can be seen in Table 7, the De value of Np(V) decreases by a factor of three with increasing 

ionic strength. The log Kd values for Np(V) are independent of the ionic strength within the 

uncertainties. This result agrees with our batch experiments, which did not show any influence 

of the ionic strength (1–3 M) on the Np(V) sorption on OPA in NaCl solutions (section 2.1). 

The determined log Kd values from diffusion experiments in NaCl solutions are slightly higher 

than those in OPA PW (2.00 ± 0.04 L/kg), which indicates somewhat higher retardation of Np 

in NaCl solutions. The diffusion parameters for 22Na+ determined by in- and through-diffusion 

are in good agreement (Table 6 and Table 7).  

3.3 Influence of the temperature on the diffusion of HTO, Na+, and Np 

To investigate the diffusion of Np(V) in OPA at 60 °C in 1 M NaCl and synthetic OPA PW 

(pH = 7.6, I = 0.4 M), two cylinders of intact OPA were prepared and installed in stainless steel 
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diffusion cells so that the direction of transport (diffusion) was perpendicular to the bedding. 

The diffusion experiments were performed as described before. Both clays were characterized 

after 5 weeks of preconditioning with the background electrolyte by through-diffusions of HTO 

and 22Na+. The resulting diffusion parameters (De, , and α) for HTO and 22Na+ are summarized 

in Table 8.  

Table 8: Diffusion parameters (De, ) for HTO and (De, α, and Kd) for 22Na+ in OPA obtained by through-diffusion 

experiments at 60 °C in 1 M NaCl (cell 3) and OPA PW (cell 4) as background electrolyte at pH 7.6 under ambient 

air. 

HTO 22Na+

ε 
De

/ 10-11 m2/s 


De

/ 10-11 m2/s 

Kd 

/ L/kg 

1 M NaCl, 

60 °C 
0.21 ± 0.01 4.1 ± 0.2 0.37 ± 0.01 4.4 ± 0.1 0.07 ± 0.01 

1 M NaCl, 

24 °C 
0.18 ± 0.01 1.9 ± 0.1 0.35 ± 0.02 1.6 ± 0.1 0.10 ± 0.01 

OPA PW, 

60 °C 
0.16 ± 0.01 3.4 ± 0.2 0.42 ± 0.01 3.0 ± 0.1 0.11 ± 0.01 

OPA PW, 

24 °C [36] 
0.15 ± 0.01 1.5 ± 0.1 0.50 ± 0.02 1.9 ± 0.1 0.15 ± 0.03 

As it is well known that molecular diffusion is temperature dependent, the dependence of the 

diffusion coefficient on temperature can be described by the Arrhenius activation energy (eq. 5) 

[44].  

� � � � �����∙� ,
(5) 

where D (m2/s) is the diffusion coefficient, A (m2/s) Arrhenius parameter, EA (kJ/mol) the 

activation energy, R (8.314 J/molK) gas constant, and T (K) absolute temperature. The 

activation energy of the self-diffusion of HTO in OPA was 20 kJ/mol [37]. The diffusion 

coefficient of HTO in OPA at 65 °C was 3.7 × 10-11 m2/s. This is a factor of 2.5 higher than 

the value measured at room temperature (25 °C, 1.4 × 10-11 m2/s).    

Our diffusion results in dependence of temperature show, as expected, that the De value 

increases with increasing temperature and agrees well with Appelo et al. [45]. In the case of De
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for HTO and 22Na+ in 1 M NaCl solution, an increase by a factor of 2.2 and 2.8 with the 

temperature range is observed, respectively, while ε and α remain similar for both radiotracers. 

In OPA PW the obtained De value for HTO increases by a factor of 2.3 when rising the 

temperature to 60 °C. The diffusion of 22Na+ is also significantly affected by the temperature 

with an increasing De by a factor of about 1.6 with increasing temperature. The determined 

activation energies for the diffusion of HTO were 18.7 kJ/mol and 17.6 kJ/mol in OPA PW and 

1 M NaCl, respectively. These values agree with  the activation energy determined by Van 

Loon et al. for HTO in OPA PW (20 kJ/mol) [37]. The calculated Kd values of 22Na+ at both 

temperatures were constant within the experimental errors, indicating temperature 

independency. 

After the complete out-diffusion of HTO and 22Na+, the in-diffusion experiments with 8 µM 

Np(V) were started. The contact times with Np were 63 and 40 d for OPA PW and 1 M NaCl 

solution as background electrolytes, respectively. About 20 h before the end of the experiments, 
22Na+ was added to the reservoirs containing Np to determine the diffusion and distribution 

coefficients for 22Na+ as well. Figure 20 shows the diffusion profiles of Np(V) at room 

temperature and 60 °C in 1 M NaCl together with the best fit curves. 
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Figure 20: Diffusion profiles of 8 × 10-6 M 237Np(V) in OPA (cells 1 and 3) at 24 °C  and 60 °C in 1 M NaCl at 

pH 7.6 under aerobic conditions together with the fit curves. 

As one can see, the diffusion depth of Np increases from 740 µm at 24 °C to 900 µm at 60 °C, 

whereas the diffusion time of cell 3 is about 33% lower than for cell 1. This much faster 

diffusion is reflected by the more than twice as high De value for Np at 60 °C in 1 M NaCl, 

while the Kd stays the same (Table 9).  
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Figure 21: Diffusion profiles of 8 × 10-6 M 237Np(V) in OPA at 24 °C [36] and 60 °C in OPA PW at pH 7.6 

(cell 4) under aerobic conditions together with the fit curves.

As can be seen in Figure 21, the concentration profile of 237Np(V) in the clay with OPA PW as 

mobile phase shows faster diffusion at higher temperature. The diffusion distance for Np(V) at 

60 °C exceeds 1 mm in 67 d and the curve is very flat due to the rapid diffusion. The parameters 

used to fit the experimental data are summarized in Table 9.  For the diffusion of Np(V) in OPA 

PW a small decrease of the log Kd value with temperature was observed. In case of 1 M NaCl, 

the log Kd values for Np(V) did not show any temperature dependence. This agrees with the 

results from the corresponding batch experiment (section 2.1).     
Table 9: Diffusion parameters (De, α, and Kd) for 237Np and 22Na+ in OPA (cells 1, 3, and 4) obtained by in-

diffusion experiments at 60 °C and 24 °C in 1 M NaCl and OPA PW at pH 7.6 under ambient air. 

Cell 

237Np(V) 22Na+


De

/ 10-12 m2/s 

log Kd 

/ L/kg 


De

/ 10-11 m2/s 

Kd 

/ L/kg 

1 M NaCl, 
60 °C 834 ± 8 17.5 ± 1.8 2.5 ± 0.1 0.43 ± 0.004 1.8 ± 0.2 0.10 ± 0.01 

1 M NaCl, 
24 °C 742 ± 9 6.9 ± 1.2 2.5 ± 0.1 0.46 ± 0.010 1.6 ± 0.1 0.12 ± 0.01 

OPA PW, 
60 °C 66 ± 2 15.0 ± 1.6 1.5 ± 0.1 0.39 ± 0.004 3.1 ± 0.3 0.09 ± 0.07 

OPA PW, 
24 °C [36] 243 ± 4 6.9 ± 1.1 2.0 ± 0.1 0.44 ± 0.03 1.8 ± 0.2 0.14 ± 0.01 

* Values obtained by batch experiments 
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4 Speciation of Np and Pu after interaction with Opalinus 

Clay 

4.1 Speciation of Np and Pu after diffusion using synchrotron-based 

techniques 

The samples of Np and Pu were measured at the Swiss Light Source (SLS) at the Paul Scherrer 

Institute (PSI) in Switzerland. The facility and specific parameters of the measurements are 

summarized in the Appendix. 

4.1.1 Experimental 

Sample preparation for XAS measurements 

The used setup for the Np diffusion experiments is described in section 3.1. The bore cores 

were conditioned with OPA pore water (pH 7.6) and 1 M NaCl as mobile phases and contacted 

with 8 µM Np(V). After the termination of the diffusion process, each bore core was cleaved 

along the axis of diffusion. 

In contrast to the described procedure in section 3.1, the diffusion experiment with Pu was 

performed in a diffusion cell without stainless steel filters to avoid sorption of Pu on the filters 

and the bore core was embedded in epoxy resin. The diffusion experiments were performed 

under ambient-air conditions with synthetic OPA pore water (pH 7.6) as mobile phase. This 

pore water was prepared as described by Pearson et al. [2], with the exception that no Sr was 

added to avoid spectroscopic interferences with Pu in the measurements later on. The total 

concentration of Pu(V) in the primary reservoir (110 mL volume) was 2  10-5 M. The cross 

section of the clay that was in contact with the pore water was 10  13 mm2 in size. The 

thickness of the sample, i.e., the length of the diffusion path was 10 mm. After 26 d the diffusion 

experiment was stopped. Two clay samples were prepared for speciation investigations: Sample 

Pu-1 represents the 10  13 mm2 surface that had been in direct contact with the Pu(V) solution 

for 26 d. To follow the diffusion path of Pu inside the clay, sample Pu-2 was prepared by 

cleaving the clay stone along its bedding. 
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4.1.2 Speciation of Np after diffusion in Opalinus Clay 

The primary intension of the following study was to get information for the migration modeling 

in argillaceous rock by the combination of the synchrotron-based microscopic methods μ-XRF, 

µ-XRD, and μ-XANES applied on a time series of Np diffusion profiles, revealing the Np 

diffusion pattern simultaneously with the local Np speciation in a chemical image. The data 

were collected from three samples at the microXAS beamline at the SLS (PSI, Switzerland) 

using the experimental setup and data analysis tools as described in the Appendix. Details on 

the specific samples are given in Table 10. 

The diffusion of 8 × 10-6 M Np(V) in OPA was investigated in dependency of time (61 d and 

83 d) and salinity (OPA pore water without Sr2+ at pH 7.6 and 1 M NaCl solution at pH 8.1 

equilibrated over CaCO3(s) to prevent dissolutions of the OPA). The three samples and their 

untreated, smooth surfaces can be seen in Figure 22. The black arrows start at the interface on 

the left which was contacted with Np and point in the direction of diffusion.  

Figure 22: The samples are mounted on the beamline sample holders. The arrows point in the direction of 

diffusion.

Table 10: Description of the diffusion samples, contacted with 8 × 10-6 M Np(V) and diffusion parallel to the 
bedding. 

Sample Np-1 Np-2 Np-3 

Background 
electrolyte 

OPA PW 
(I = 0.4 M) 1 M NaCl OPA PW 

(I = 0.4 M)

pH 7.6 8.1 7.6 
Diffusion 

time / days 61 61 83 

Porosity 0.11 0.13 0.14 

Np-1 Np-3Np-2
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As described in the Appendix several fluorescence lines of elements contained in OPA were 

simultaneously measured, from which Ca, Fe, S, and Si are shown in Figure 23 to display the 

heterogeneity of the prepared samples.  

Figure 23: µ-XRF mappings of Ca, Fe, S, and Si of sample Np-3 with a mapping size of 3.5 × 2.0 mm2 and an 

excitation energy of 17620 eV. 

An exemplary µ-XRF mapping of a Np diffusion profile calculated from the contrast-edge 

method is shown in Figure 24 for sample Np-3 (83 d diffusion). As one can see, the average 

diffusion profile on the right side of the figure reaches background level at approximately 

2.4 mm. 

Figure 24: On the left is the Np diffusion profile of sample Np-3 calculated by the edge-contrast method with the 

corresponding averaged diffusion profile on the right side.  
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If one compares the three diffusion profiles in Figure 25, one can see that the green profile of 

Np-2 varies widely from the others. It shows with 0.7 mm diffusion depth in 61 d compared to 

1.5 mm (Np-1, 61 d, black) and 2.4 mm (Np-3, 83 d, red) the shortest diffusion depth and the 

highest absolute Np intensity at the interface. This can be explained by two different effects. 

Even though the synthetic OPA pore water (I = 0.4 M) has a lower ionic strength, it contains 

besides Na+ also divalent cations such as Mg2+ and Ca2+. These divalent cations are sorbing 

stronger at the clay surface than the NpO2
+ and compete for surface sites. Our related batch 

experiments have also shown that higher NaCl concentrations have only a negligible influence 

on the sorption of Np(V) on OPA, as described in section 2.1. The second effect, which also 

amplifies the first one, is the influence of the slightly shifted pH for the sample Np-3 with pH 

8.1 compared to pH 7.6 of the others, so that more Np(V) from the reservoir can sorb on the 

stronger deprotonated clay surface. The time depending diffusion experiment shows an 

increased diffusion depth with 2.4 mm after 83 d compared to 1.5 mm after 61 d. 

Figure 25: Diffusion profiles of the samples Np-1, -2, and -3 in absolute intensities.  

The successive reduction of Np(V) by the inner redox potential of the OPA can be seen in the 

normalized Np LIII-edge µ-XANES spectra in Figure 26. The Np(IV) ratios have been 

calculated by linear combination fitting (LCF) with the program ATHENA [46] using Np(V) 

and Np(IV) reference spectra from aqueous solution. Due to the low Np concentration 10–20 

scans were combined for each µ-XANES spectrum. At the interface of the clay, no Np(IV) was 

determined, which can be explained by the fact that Np(V) was initially used in the experiment. 
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This means that only the specific redox potential inside the OPA was capable to initialize the 

reduction. 30 µm behind the interface (A1) 12% and at 525 µm (A2) 26% Np(IV) were found. 

The µ-XANES spectrum in spot B was measured near a pyrite hot spot of sample Np-3 and 

shows almost 77% Np(IV), which underlines the relevance of redox active minerals contained 

in OPA.  Figure 27 includes all µ-XANES spectra of samples Np-1 and Np-3 included into the 

diagram of absolute Np intensities, showing which part of the absolute Np intensity comes from 

the Np(IV) species. This data presentation reveals the reduction and progression of  Np(V) more 

than the separate presentation of the Np(IV) ratios and diffusion profiles as both are related to 

each other. Furthermore, the change of the absolute fraction of Np(IV) becomes more visible. 

For the sample Np-1 several µ-XANES spectra were taken at the first 150 µm, indicating a 

stepwise increase of the Np(IV) ratio in this area. This may suggest a small redox potential 

gradient behind the interface as the Eh of the background electrolyte and inside the OPA are 

not in equilibrium.  

Figure 26: Normalized Np LIII-edge µ-XANES spectra at different sample spots. 

All results of the µ-XANES measurements are shown in Table 11. Note that spots at equal 

distance can differ regarding the width of the sample.  
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Table 11: Np(IV) ratios from LCF for Np-1,-2, and -3 in dependency of the diffusion distance. The average 
error was 5%. 

Np-1 Np-2 Np-3 

Diffusion 
depth / 

µm 

Np(IV) 
ratio 

Diffusion 
depth / 

µm 

Np(IV) 
ratio 

Diffusion 
depth / 

µm 

Np(IV) 
ratio 

25 0% 300 15% 26 0% 
30 12% 311 45% 226 28% 
75 13% 495 45% 476 77% 
78 12% 999 25% 
105 22% 1310 39% 
117 21% 
144 23% 
175 75% 
425 83% 
525 26% 
675 45% 
925 61% 

Figure 27: Diffusion profiles of samples Np-1 and Np-3 with the respective Np(IV) contribution to the absolute 

Np intensities.  

For the certain identification of the Fe phase at spot B of sample Np-3, a maximum resolution 

µ-XRF mapping and an additional µ-XRD mapping were done, which give proof of the 

Spot B
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presence of pyrite, as can be seen in Figure 28. However, on the pyrite particle itself was found 

less Np, but some Np hot spots were found beside it. 

Figure 28: The Fe µ-XRF mapping of sample Np-3 on the top has been investigated further with an additional 

high-resolution µ-XRF mapping (120 × 170 µm2; step size and beam size of 5 µm) and a µ-XRD mapping (right). 

The µ-XRD mapping (X-ray energy 17.62 keV) has been calculated by taking the reflexes around the ROI at 

2Θ = 24.5° which can be seen in Figure 29.

Figure 29: Diffractogram taken from the µ-XRD mapping shown in Figure 28. The green lines represent the 

reference reflexes of pyrite (PDF 03-065-1211). 
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In summary, we found a strong effect of the background electrolyte on the diffusion of Np(V). 

The time depending diffusion experiment in combination with the µ-XANES data might give 

the chance for a better modelling of the coupled transport reaction process of the diffusion of 

Np(V) in OPA. 

4.1.3 Speciation of Pu after diffusion in Opalinus Clay 

Sorption and diffusion are important processes determining the transport of radioactive 

contaminants in argillaceous rocks. The migration behavior of the redox-sensitive element Pu 

is governed by its oxidation state, which depends on pH, redox potential, ligand concentration 

etc. In this study the interaction of mobile Pu(V) with OPA during sorption and diffusion was 

investigated, and the Pu speciation was determined by synchrotron-based -XRF and -XAFS. 

As described in Section 4.1.1, two clay samples were prepared for speciation investigations: 

Sample Pu-1 represents the 10  13 mm2 surface that had been in direct contact with 2  10-5 M 

Pu(V) in OPA pore water (pH 7.6) during the diffusion experiment for 26 days. To follow the 

diffusion path of Pu inside the clay, sample Pu-2 was prepared by cleaving the clay stone along 

its bedding. 

Figure 30: μ-XRF mappings of Ca, Fe, and Pu (from left to right) of sample Pu-1: 1  1 mm2, step size: 10 μm, 

excitation energy at 18067 eV. 

Figure 30 shows the µ-XRF mappings (1  1 mm2) of the elements Ca, Fe, and Pu of sample 

Pu-1, i.e., the clay surface where Pu could be sorbed due to the contact with the Pu(V) pore 

water solution. All three elements show a heterogeneous spatial distribution. Areas with higher 

Ca Fe Pu
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Ca concentration – indicating calcite occurrences – have lower Fe concentration and vice versa. 

As can be seen in Figure 30, Pu prefers to accumulate in areas with higher Fe than Ca 

concentrations. Figure 31 shows a Pu LIII-edge XANES spectrum that is representative for the 

Pu spectra measured in areas with higher Fe and Pu concentrations. This XANES spectrum was 

fitted with a linear combination of Pu(III)(aq), Pu(IV)(aq), and Pu(V)(aq) reference spectra 

(courtesy of Ch. Den Auwer, CEA, Marcoule, France). The measured Pu XANES spectrum 

could be modeled with 30 ± 2% Pu(III), 50 ± 3% Pu(IV), and 20 ± 2% Pu(V). 

Figure 31: Pu LIII-edge μ-XANES spectrum at the clay-water interface (sample Pu-1). 

This result shows that at least part of the dissolved Pu(V) has been reduced during the contact 

with the clay surface over a period of 26 d. From batch sorption experiments it is known that at 

pH 7.6 the sorption on OPA is strongest for Pu(III) and Pu(IV) and significantly less for Pu(V) 

[47]. This explains why Pu(IV) and Pu(III) are the dominating species at the clay surface, 

although Pu(V) is the dominating aqueous species in the OPA pore water at pH 7.6.  

To follow the diffusion of Pu inside the clay rock, sample Pu-2 was studied by µ-XRF and Pu 

LIII-edge XAFS spectroscopy. The µ-XRF mappings (1  1 mm2) of the elements Ca and Fe 

show again the natural heterogeneity of the clay (Figure 32). The µ-XRF mapping of Pu (Figure 

32) shows that Pu diffused approximately 350 µm into OPA within 26 days. Pu LIII-edge 

XANES spectra were measured along a 300 µm long diffusion path in steps of 50 µm. The 

corresponding Pu XANES spectra were fitted with a linear combination of the Pu(III)(aq), 

Pu(IV)(aq), and Pu(V)(aq) reference spectra. The fit results are summarized in Table 12. 
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Figure 32: μ-XRF mappings of Ca, Fe, and Pu (from left to right) of sample Pu-2: 1  1 mm2, step size: 10 μm, 

excitation energy at 18067 eV. 

At the beginning of the diffusion path, the speciation of Pu consists of 27 ± 2% Pu(III), 43 ± 2% 

Pu(IV), and 30 ± 2% Pu(V). As expected, this Pu species distribution is similar to that observed 

at the clay surface (sample Pu-1). As one can see in Table 12, the relative amount of Pu(V) 

decreases and the relative amount of Pu(IV) increases with increasing diffusion length. The 

amount of Pu(III) is constant (22–32%) across the entire diffusion path from 0 to 300 µm. It 

can be concluded that the properties of OPA, e.g., the presence of Fe(II)-containing minerals 

(pyrite, siderite), cause a progressive reduction of Pu(V) during its diffusion and the retention 

of the reduced species as Pu(IV). 

Table 12: Fractions of Pu(III), Pu(IV), and Pu(V) in percent derived from Pu LIII-edge XANES measurements at 

different diffusion distances (sample Pu-2).

Distance / µm Pu(III) Pu(IV) Pu(V)

0 27 ± 2 43 ± 2 30 ± 2 

50 22 ± 2 47 ± 3 31 ± 3 

100 24 ± 2 48 ± 3 28 ± 3 

150 22 ± 2 53 ± 3 25 ± 3 

200 25 ± 2 66 ± 3 9 ± 4 

250 32 ± 3 68 ± 4 0 

300 30 ± 3 70 ± 5 0 

The speciation of Pu was probed at another spot at a diffusion distance of 200 µm by Pu 

LIII-edge XANES and EXAFS spectroscopy (Figure 33 and Figure 34). The Pu XANES 

spectrums shown in Figure 33 could be modeled with 33 ± 2% Pu(III) and 67 ± 2% Pu(IV), 

Ca Fe Pu
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confirming Pu(IV) as the dominating species inside the clay rock. The average Pu-O distance 

measured by EXAFS equals 2.34 ± 0.02 Å. For comparison, the Pu-O bond distances for Pu(III) 

and Pu(IV) are 2.48–2.51 Å [48, 49]  and 2.39 Å [49], respectively. It can be concluded that 

both XANES and EXAFS measurements confirm that Pu(IV) is the main species at diffusion 

distances ≥ 200 µm. 

Figure 33: Pu LIII edge μ-XANES spectrum at 200 µm diffusion depth (sample Pu-2). 

Figure 34: Pu LIII-edge μ-EXAFS spectrum (left) and corresponding Fourier transform magnitude (right) at 

200 µm diffusion depth (sample Pu-2). 

In summary, the spatially-resolved microprobe studies of Pu(V) diffusion in Opalinus Clay 

show for the first time that the speciation of Pu changes along its diffusion path due to 
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progressive reduction. At the beginning of the diffusion path, i.e., at the interface between the 

clay and the Pu(V) containing pore water, the species distribution is approximately 30% Pu(III), 

50% Pu(IV), and 20% Pu(V). Already after a short diffusion length of ca. 200 µm, Pu(V) is 

completely reduced to approximately 70% Pu(IV) and 30% Pu(III). One can expect that Pu is 

highly immobile in Opalinus Clay due to redox reactions of Pu inside the clay rock, the stronger 

retention of Pu(III) and Pu(IV) on clay surfaces compared to Pu(V), and the low solubility of 

Pu(IV). 

4.2 Speciation of actinides with CE-ICP-MS 

The determination of the speciation of actinides under environmental conditions in a deep 

geological repository needs an effective and highly sensitive analytical method which can be 

achieved by coupling capillary electrophoresis (CE) with inductively coupled plasma mass 

spectrometry (ICP-MS). With this setup, separation of different species can be achieved within 

20 minutes with limits of detection of approximately 1×10-9 M [50]. 

CE-ICP-MS was used to determine the electrophoretic mobilities of different actinide species 

and furthermore, to investigate the species in the supernatant solution from batch experiments 

with Pu(III).

4.2.1 General procedures of CE-ICP-MS and sample preparation 

The principle of separating different species in capillary electrophoresis is the differing velocity 

of migration of the ions in solution in an applied electric field. The velocity of a specific ion in 

turn depends on the applied electric field strength E and its electrophoretic mobility µe, which 

is a characteristic feature of the ion in a given medium and depends on the electric charge q of 

the ion and on its ionic radius r. As can be seen in equation (6), µe rises, which means that the 

ion moves faster, with a smaller radius and a higher charge. 

μ� �
�

6��� . (6)
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To compare the results of different measurements or different CE-ICP-MS systems, one has to 

refer the migration times of the investigated ions to the velocity of the so called electroosmotic 

flow (EOF). The EOF describes the flow of the whole liquid inside the capillary in the electric 

field and overlies the migration of the ions, but does not lead to an additional separation. 

Because small, neutral species only migrate with the EOF, such molecules can be used to 

determine the EOF migration time tEOF and are called EOF marker. 

The electrophoretic mobility of the different species µi can then be calculated from the 

determined migration time of an ion ti via equation (7) taking into account different capillary 

lengths lK and the applied high voltage U, as well as the influence of the EOF. 

μ	 �

��
 �

1
�	 �

1
�����.

(7)

CE-ICP-MS setup 

In our measurements we used an Agilent 7100 CE (Agilent Technologies, USA), equipped with

fused silica capillaries (Polymicro Technologies, USA) with an inner diameter of 50 µm. As 

background electrolyte 1 M acetic acid was used. The samples were transferred to the capillary 

via hydrodynamic injection, then the sample vials were replaced by a vial containing the 

background electrolyte and a high voltage of 25 kV was applied to start the separation.

After separation in the capillary the sample reaches the coupling device, consisting of a T-piece, 

leading the capillary as well as the make-up electrolyte supply into the nebulizer. The electric 

circuit between the two capillary ends is closed via the make-up electrolyte passing a tube 

shaped Pt-electrode. The electrolyte itself is introduced by a syringe pump (PicoPlus, Harvard 

Apparatus, USA) and consists of a 1.25% HNO3 solution with 10% ethanol and 5 ppb 89Y, 
103Rh, 140Ce, and 209Bi as internal standards. The nebulizer then generates an aerosol from the 

eluate, the make-up electrolyte and the nebulizer gas. This aerosol is introduced into a 

Scott-type spray chamber (AHF Analysentechnik, Germany) which removes bigger droplets. 

From the spray chamber, the aerosol is directly transferred to the ICP-MS system via an Ar gas 

flow. To preserve the high resolution and separation capability of the CE, the transportation of 

the sample from the nebulizer tip into the ICP-MS system has to be efficient and fast.  
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Figure 35 shows the used setup for the coupling of the CE with the ICP-MS system (Agilent 

7500 ce (Agilent Technologies, USA)) using a Mira Mist CE nebulizer (Burgener Research, 

Canada).

Figure 35: Coupling system between CE and ICP-MS. 

The ICP-MS system itself is used as a highly sensitive detector for the arriving aerosol and is 

capable of simultaneous multi-element detection.  

Sample preparation 

CE-ICP-MS measurements were performed for Eu(III), Th(IV), U(IV/VI), Np(IV/V/VI), 

Pu(III/IV/V/VI), and Am(III) in 1 M HCl and 1 M HClO4 solutions. Stock solutions of 
153Eu(III), 232Th(IV), and 238U(VI) were prepared from ICP-MS standard solutions, whereas the 
238U(IV) solution was gained by dissolving 238U wires in 1 M HCl. The 237Np(V) stock solution 

was prepared as described in the literature [19]. The 237Np(IV) solution was prepared from the 
237Np(V) solution by chemical reduction with hydroxyl ammonium hydrochloride. The 
237Np(VI) solution as well as the 239Pu(VI) solution were prepared from existing Np and Pu 

stock solutions by repeated evaporation with 1 M HClO4 with a small amount of NaF to prevent 
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colloid formation. Based on these stock solutions, the tri-, tetra, and pentavalent state solutions 

could be obtained by electrolytic reduction and oxidation. The 241Am(III) was prepared from 

an existing 241Am(III) solution by evaporation and dissolution in the required background 

electrolyte.  

Because some of the prepared oxidation states were not stable under the used conditions, they 

had to be stabilized during sample preparation and CE-ICP-MS measurement. NaClO was 

added to the Np(VI) samples to ensure an oxidizing environment whereas the Pu(III) samples 

were supplemented with hydroxyl ammonium hydrochloride to generate a reducing 

environment. Both additives could stabilize the reactive oxidation states without inducing 

further complexation reactions [51]. 

The purity of the different oxidation states was controlled by UV-vis measurements. The 

concentrations of the prepared solutions were measured by liquid scintillation counting for Pu 

and by γ-ray spectroscopy for U, Np, and Am. The ICP-MS standard solutions were prepared 

with a concentration of c = 5 × 10-5 M. Already existing stock solutions were diluted to the 

same concentration, whereas stock solutions of less than 5 × 10-5 M were used in the available 

concentration. 

Prior to their use in the CE-ICP-MS measurements, the solutions were filtered through 0.2 µm 

syringe filters (Nalgene, USA) to prevent clogging of the capillary. The samples for the 

CE-ICP-MS measurement itself were prepared by mixing 2 µL of the analyte solution with 

198 µL 1 M acetic acid and 1 µL 2-bromopropane (EOF marker) in conical micro-inserts of 

borosilicate glass (Carl Roth AG, Switzerland). Therefore, the final sample concentration 

accounted to c = 5 × 10-7 M. The micro-inserts were placed in polyethylene vials and closed 

with polyethylene olefin snap caps (both Agilent Technologies, USA) to fit into the CE system. 

The capillaries were preconditioned prior use by flushing them several times with MilliQ-water, 

0.1 M NaOH solution, 0.1 M HCl, and 1 M acetic acid. Before each measurement, the capillary 

was flushed for 15 minutes with freshly prepared background electrolyte, which was 1 M acetic 

acid. The parameters used in the measurements are listed in Table 13. 
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Table 13: Parameters for the CE-ICP-MS system. 

Capillary electrophoresis
CE system Agilent 7100 CE (Agilent Technologies) 
CE voltage 25 kV 
CE current 10–30 μA 

CE capillary 
fused-silica capillaries, 
inner diameter: 50 μm, 

length: 76 cm 

sample introduction 
hydrodynamic, 

8 s with 100 mbar 

CE background electrolyte 
1 M acetic acid, 

pH 2.4 
Coupling device 

nebulizer Mira Mist CE 
spray chamber Scott-typ 

make-up electrolyte 
1.25% HNO3 and 10% ethanol, 

5 ppb Rh, Y, Bi, and Ce as internal standard, 
flow rate: 5 ��

���
carrier gas Ar, flow rate: 0.86–1.15 �

���
make-up gas Ar, flow rate: 0.28–0.77 �

���
ICP-MS 

ICP-MS system Agilent 7500 ce (Agilent Technologies) 
plasma power 1550 W

detection mode time-resolved analysis 
dwell time 100 ms

4.2.2 Mobility measurements of actinides in oxidation states III-VI 

As described in section 4.2.1 a number of measurements was performed to determine the 

migration times of the different redox states of the elements mentioned above and to calculate 

their electrophoretic mobilities µe via equation (7). First, the mobilities of some redox-stable 

species were determined to ensure a clear assignment of the signals in the electropherograms to 
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the different oxidation states of redox-sensitive elements such as Pu. The measured redox-stable 

species were Eu(III), Th(IV), Np(V), and U(VI). 

Figure 36: Electropherogram of the redox stable analogues with their electrophoretic mobilities in 1 M HCl.  

Figure 36 shows an electropherogram of a sample containing the four redox analogues Eu(III), 

Th(IV), Np(V), and U(VI) (each 5 × 10-7 M) with their electrophoretic mobilities and the EOF 

signal in 1 M HCl.

To investigate the influence of a weak-complexing agent in comparison to a non-complexing 

agent on the electrophoretic mobility, the measurements were performed in 1 M HCl as well as 

in 1 M HClO4. The average mobilities determined in both media for a series of measurements 

of the redox-stable species, including Am(III) are listed in Table 14. 

Table 14: Electrophoretic mobilities of the redox-stable species in 1 M HCl and 1 M HClO4. 

Medium Mobilities / 10�� 	�

��

Eu(III) Am(III) Th(IV) Np(V) U(VI) 
1 M HClO4 4.27 ± 0.20 3.86 ± 0.10 2.18 ± 0.04 2.03 ± 0.08 1.48 ± 0.04 

1 M HCl 4.40 ± 0.33 3.92 ± 0.03 2.24 ± 0.11 2.09 ± 0.14 1.51 ± 0.09 
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As one can see, the electrophoretic mobilities show the same values within their errors and are 

independent from the medium under the used conditions. This can be explained by the fact that 

the stock solutions, no matter if in hydrochloric or perchloric medium, are diluted 1:100 in 

acetic acid during sample preparation, making acetic acid the only complexing agent 

influencing the electrophoretic mobility.  

Furthermore, Figure 36 and Table 14 show that the retention times increase from Eu(III) over 

Am(III), Th(IV), and Np(V) to U(VI). This order does, in first sight, not match the expected 

order, indicating that the ion with the highest charge and the smallest radius shows the highest 

mobility. 

To explain the determined order of elution, the exact speciation of the analytes has to be 

considered rather than just size and charge of the isolated ion. This means that Np(V) and U(VI) 

exist in aqueous solution as neptunyl (NpO2
+) and uranyl cation (UO2

2+), respectively, lowering 

their effective charge, whereas Eu(III) and Th(IV) appear as the free ions Eu3+ and Th4+. 

Additionally, one has to take into account the complexation behavior of the different ions. In 

this case the complexation with acetic acid causes a shielding of the surrounded cation and 

results in a lower effective charge being exposed to the applied electric field. Therefore, UO2
2+

seems to show a higher degree of complexation resulting in a compensation of its higher charge 

in comparison to the NpO2
+ cation and hence a lower mobility. The same explanation can be 

transferred to the Eu3+/Th4+ couple, a higher degree of complexation with acetic acid leads to a 

shielding of the charge of Th4+ and results in a lower electrophoretic mobility in comparison to 

Eu3+. 

Another point is the influence of the ionic radius: the smaller the ion, the faster its migration. 

Table 14 shows the electrophoretic mobilities of Eu(III), being a lanthanide, and Am(III), 

standing below Eu in the actinide series and consequently showing a higher ionic radius. Just 

as expected, the ion with the smaller ionic radius shows the higher electrophoretic mobility. 

After the completion of measurements with redox-stable species, the different Pu oxidation 

states were under investigation, which were produced electrochemically in 1 M HClO4. 

However, CE-ICP-MS measurements showed, that Pu(III) as well as Pu(V) were not stable 

during the measurements resulting in electropherograms showing signals of Pu(IV) and Pu(VI) 

caused by disproportionation and oxidation reactions. For the Pu(III) samples a stabilization 

was achieved by adding hydroxyl ammonium chloride, whereas Pu(V) could not be stabilized 

at all in 1 M HClO4. Therefore, a Pu(VI) solution was allowed to stand in OPA pore water 
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(pH 7.6) for several days, resulting in a Pu(V) solution stable enough for CE-ICP-MS 

measurements. The composition of the pore water is described in the literature [2]. 

Figure 37: Electrophoretic mobilities of different Pu oxidation states in 1 M HClO4 and OPA pore water. 

In Figure 37 the data of different CE-ICP-MS measurements are plotted, showing the ICP-MS 

signals for mass 239 as a function of the electrophoretic mobility which in turn was calculated 

from the determined migration times via equation (7). The figure shows that for the oxidation 

states +III, +IV, and +VI sharp single peaks were received, whereas the sample prepared in 

OPA pore water shows one clear peak with a mobility assigned to Pu(V) and one other but 

smaller peak with the mobility of Pu(IV). Even though we already changed the medium for the 

determination of the Pu(V) mobility, it was not possible to completely avoid further redox 

reactions. 

The order of elution for the different Pu oxidation states is (Figure 37): First Pu(III) with the 

highest mobility, followed by Pu(VI), Pu(V), and finally Pu(IV) with the lowest electrophoretic 

mobility. In comparison to their redox stable analogues the +III oxidation state shows the 

highest mobility as well and the +V oxidation state is the third one in the order of elution, but 

the +IV and the +VI states are reversed. For Pu the +IV oxidation state is the one with the 

lowest mobility, while Th(IV) shows a mobility even faster than the one of Np(V). This could 

be explained by the higher complexation constant for Pu(IV) with acetate ions [52] in 
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comparison to Th(IV) [53], resulting in a better shielding of the charge of Pu(IV) and 

consequently leading to its lower electrophoretic mobility. 

The determined electrophoretic mobilities of the different Pu oxidation states are listed in  

Table 15. Additionally, a number of literature data is shown in this table. As can be seen, the 

determined electrophoretic mobilities correspond well with literature data from [54] and [55]. 

While Graser et al. recently published values for the electrophoretic mobilities of the different 

Pu oxidation states, the measurements of Kuczewski et al. were performed without any EOF 

marker, as a result of which the concerning publication only showed migration times instead of 

mobilities. To gain the mobilities, we tried to calculate the retention time of a theoretical EOF 

marker by reading out the retention time of a Np(V) sample and count back to the EOF retention 

time by using the known electrophoretic mobility of Np(V). Assuming a constant retention time 

of the EOF for all measurements, the electrophoretic mobilities of all investigated species could 

be calculated. Considering the inaccurate reading of the retention times from the published 

electropherograms and the assumption of a constant EOF retention time, the values agree well 

with these from [55] and the present work. 

Table 15: Electrophoretic mobilities of the Pu oxidation states and comparison with literature data. 

Medium Mobility / 10�� 	�

��

Pu(III) Pu(IV) Pu(V) Pu(VI) 
1 M HClO4 3.97 ± 0.04) 0.98 ± 0.07  2.22 ± 0.06 
OPA pore water   1.65  

Literature Pu(III) Pu(IV) Pu(V) Pu(VI) 
[54] * 3.85 0.82 1.69 2.10 
[55] 4.0 ± 0.07 1.2 ± 0.08 1.6 ± 0.06 2.4 ± 0.08 
[56] **   1.93 ± 0.12  
[57, 58] **   2.360–2.405  
* calculated from the electropherograms shown in the publication 
** different pH-values and ionic strengths

The values for the electrophoretic mobility of Pu(V) from [56], [57], and [58], however, show 

the necessity of performing measurements under the same conditions such as pH value or ionic 

strength to get comparable data. In the present work, the pH value of the samples was 2.4 and 

the ionic strength I = 1.0 mol/L, whereas Topin et al. used variable pH values and lower ionic 

strengths, what apparently resulted in deviations of the electrophoretic mobilities. 
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After the determination of the different Pu mobilities, more oxidation states of Np and U were 

under investigation. All determined electrophoretic mobilities including those of Np(IV), 

Np(VI), and U(IV) are listed in Table 16. The table shows that the order of elution for the 

oxidation states of one actinide seems to be always the same as given in (8). 

μ���������� � μ��������� � μ�������� � μ��������� . (8)

The complete order can only be confirmed by the values for Pu, being the only element showing 

all four oxidation states during CE-ICP-MS measurements. However, the values for the 

electrophoretic mobilities of Np and U also fit in this order. 

Table 16: Electrophoretic mobilities of Eu and the investigated actinides with their different oxidation states. 

Element 

Electrophoretic mobilities of the different oxidation states / 
10�� ��


��
+III +IV +V +VI 

Eu 4.27 - - - 
Th - 2.18 - - 
U - 0.34* - 1.48 

Np - 1.42 2.03 2.60* 

Pu 3.97 0.98 1.65 2.22 
Am 3.86 - - - 

*U(IV) and Np (VI) samples were prepared by mixing 2 µL analyte solution with 198 µL 1 M HCl and 

1 M HClO4, respectively, instead of acetic acid. BGE remains the same (1 M acetic acid). 

In summary, a number of electrophoretic mobilities of different oxidation states of the actinides 

could be determined using CE-ICP-MS. The results provide a good basis for the identification 

of different species of the actinides in further investigations as for example in batch 

experiments. 

4.2.3 Applicability of CE-ICP-MS to samples from batch experiments 

After the determination of the mobilities of different actinide redox species, it was attempted to 

apply CE-ICP-MS to batch samples for the identification of the redox species in solution. 

Especially for the redox-sensitive element Pu, this would be a powerful method to monitor the 

redox processes occurring in batch experiments. 
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For preparing measurements with the redox-sensitive Pu(III), the experiment was performed 

first with samples containing redox-stable Eu(III) to test the applicability of CE-ICP-MS 

measurements on solutions from batch experiments. 

Both batch series with OPA as sorbent were prepared in 0.1 M NaCl solution under anaerobic 

conditions and with concentrations of c = 5.0 × 10-7 mol/L for Eu(III) and Pu(III). Each series 

contained four batch samples with pH 2, 4, 6, and 8. A detailed description of the procedure of 

the batch experiments is given in section 1.1. 

For the following CE-ICP-MS measurements 200 µL of the supernatant solution of the Eu(III) 

and Pu(III) batch samples – after phase separation – were transferred into the CE sample vials 

and 1 µL 2-bromopropane was added as EOF marker. The settings for the measurements were 

just like the ones used before. Solutions for the background electrolyte and the flushing of the 

capillary were the same as described in section 4.2.1. 

While the Eu and Pu concentrations in the supernatant solution of the samples with pH 6 and 8 

were too low for CE-ICP-MS measurements due to high sorption of both elements on OPA 

under these conditions, the samples at pH 2 and 4 showed clear signals in the 

electropherograms. 

For the first series with Eu(III) the calculated electrophoretic mobilities were 

µe = 3.8 ×10-4 cm2/Vs for the samples at pH 2 and 4. Using the results from section 4.2.2, this 

value can be assigned to the Eu(III) species. Thus, this first experiment showed that direct 

speciation from batch experiment solutions by CE-ICP-MS is possible. 

On the basis of the results of the Eu series, the batch experiment with Pu(III) and the subsequent 

CE-ICP-MS measurements of the samples with pH 2 and 4 were performed.  

The associated, calculated electrophoretic mobilities were µe = 0.9 × 10-4 cm2/Vs and 

µe = 0.8 × 10-4 cm2/Vs for the Pu samples at pH 2 and 4, respectively. Depending on the pH, 

the Eh, and the sorption values, this signal should originate from a Pu(III) species. Comparison 

with the determined electrophoretic mobilities of the different Pu species in section 4.2.2 

however suggests that the peaks originate from a Pu(IV) species. This result is not necessarily 

evidence for the presence of Pu(IV) in the batch sample solution. As already shown in section 

4.2.2, it is necessary to stabilize Pu(III) during the CE-ICP-MS measurement by adding a 

reducing agent. This clearly is not suitable when it comes to measurements directly after batch 
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sorption experiments to determine the solution species in the supernatant without influencing 

the redox equilibrium under investigation. 

These results suggest that, in general, direct determination of redox species in batch sample 

solutions by CE-ICP-MS measurements should be possible, but further investigations are 

necessary, in particular for Pu. 
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5 Sorption and speciation of Tc after interaction with 

Opalinus Clay 

The radioactive isotope technetium (99Tc) is a long-lived (t1/2 = 2  14·105 a) and redox-

sensitive fission product of 235U and 239Pu (yield ~6.13%) and contributes significantly to the 

radiotoxicity of spent nuclear fuel after storage times of more than thousand years [59]. In case 

of a leakage or corrosion of steel canisters in a repository, the geochemistry of Tc is determined 

by its oxidation state +IV and +VII. Under oxidizing conditions the speciation of Tc is 

dominated by the soluble pertechnetate anion (TcO4
-) and under anoxic conditions by the 

sparingly soluble TcO2·nH2O [60, 61]. The very mobile and almost non-sorbing TcO4
-

dominates the speciation of Tc over a wide range of pH and Eh and is considered as the most 

hazardous species. Accordingly, a detailed knowledge of the geochemical behavior of 99Tc, 

including the different interaction processes with the surrounding host rock and the aquifer 

regulating the Tc retention (e.g., sorption, diffusion, solubility, complexation with (in)organic 

ligands), is indispensable for an accurate long-term safety assessment of a repository.  

The aim of our study was to investigate the interaction of Tc with OPA as a reference material 

for natural clay by sorption and diffusion experiments under different experimental conditions 

such as pH, aerobic/anaerobic conditions and the influence of dissolved Fe(II). The influence 

of these parameters on the uptake or diffusion of Tc in OPA is quantified by the distribution 

coefficients (Kd) and diffusion parameters (De, ε, and α). Our batch and diffusion experiments 

were complemented by synchrotron based X-ray absorption spectroscopy techniques to 

determine the speciation and structural parameters of Tc sorbed on OPA. 

5.1 Sorption of Tc on Opalinus Clay 

The sorption behavior of TcO4
- on OPA was investigated in batch experiments using the same 

procedure as described in section 1.1 by varying different parameters such as pH (3–10), TcO4
-

concentration (4, 13 µM), solid-to-liquid-ratio (S/L = 15, 100 g/L), and contact time (7, 17 d) 

under aerobic conditions in synthetic OPA pore water as background electrolyte. Batch 

experiments were carried out with well characterized aerobic (BHE 24/1) dry powder of OPA 

[17]. Although the natural OPA pore water has a pH of 7.6 (I = 0.4 M), deviations from this 



60 

value are possible in the near field of a repository. In order to determine the influence of pH on 

the sorption of TcO4
-, batch experiments were carried out in the pH range of 3 to 10. In the first 

experiment, the clay suspensions (15 g/L) were contacted with 4 µM TcO4
- for 3 d. Since low 

sorption values were obtained at pH 3 (Kd = 9.0 ± 1.0 L/kg), pH 4 (Kd = 3.8 ± 0.4 L/kg), and no 

sorption was observed above pH 5, the experiment was repeated with a higher amount of OPA 

(100 g/L) contacted with a 13 µM TcO4
- solution for 17 d. In this case the same trend was 

observed and the sorption decreased with increasing pH value (at pH 3: Kd = 3.6 ± 0.2 L/kg and 

at pH 4: Kd = 1.3 ± 0.1 L/kg). Again, no uptake was observed between pH 5–10. In both batch 

experiments the redox potential in the OPA pore water ranged between 570 mV (SHE) at pH 3 

and 350 mV at pH 5, which is clearly in the stability field of TcO4
- (Figure 38). 

Figure 38: Calculated pe-pH diagram of 13 µM TcO4
- in OPA pore water using PhreePlot v1.0 [31]. 

The same sorption behavior of Tc was found by Vinšová et al. [61], who showed that the 

sorption of TcO4
- on natural bentonite clay decreases under aerobic conditions in the pH range 

of 2–5 (27–20%). At a pH value of 6 the sorption was below 10%. However, the retention of 

TcO4
- on bentonite was overall very low (Kd ∼1 L/kg). Also Palmer and Meyer [62] studied the 

sorption of Tc on several naturally occurring minerals. They found that sorption is very low 

under oxic conditions and that the Kd values are usually below 5 L/kg. The sorption behavior 
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of anions on mineral surfaces can be explained as follows: at low pH values, the silanol and 

aluminol groups are protonated. Due to the positive charge on the mineral surface, the anions 

can adsorb there. With increasing pH and the resulting deprotonation and formation of negative 

charge on the mineral surface, an electrostatic repulsion between the anions and the mineral 

surface arises and results in low sorption.  

Influence of Fe(II) on the sorption of TcO4- on OPA under anaerobic conditions 

Since the retention of 13 µM TcO4
- on OPA in OPA pore water at pH 7.8 under anaerobic 

conditions (glove box, O2 ≤ 15 ppm, Eh = 200 mV) was almost neglectable (sorption ≤ 7%) 

and independent of the OPA concentration (S/L = 2–20 g/L) and contact time (4–14 d), several 

additives, e.g., FeCl2 and FeS were added to the OPA suspensions in order to investigate the 

influence of dissolved Fe(II). The chemical and mineralogical composition of OPA is complex 

[17] and minor Fe(II)-components such as pyrite and siderite contained in OPA may have some 

reducing properties, which can be employed to change the chemical properties of redox-

sensitive radionuclides. This reducing effect of dissolved Fe(II) is known, from Vinšová et al. 

and Law et al. who showed that TcO4
- sorbed on bentonite [61] and sediments [63] was reduced 

to Tc(IV).  

Mackinawite (FeS, 0.5 g) was added to anaerobic OPA powder (BHE 24/2) suspended in 8 mL 

OPA pore water and contacted for two weeks. Assuming that about 4% of Fe(II) dissolves from 

the total amount of FeS, the concentration of dissolved Fe(II) in solution accounted for 

2.4  10-4 M [64]. After this period of time, TcO4
- was added to the mixture and contacted for 

three weeks. The presence of 0.24 mM dissolved Fe(II) in the solution decreased the redox 

potential from 200 mV to -80 mV and increased the uptake of 8 µM Tc to 99% for S/L ratios 

of 10–20 g/L at pH 7.7.  

To investigate the second additive, 1 mM FeCl2 was added to OPA suspensions in OPA pore 

water at pH 7.5. After the addition of 5 µM TcO4
- the measured redox potential in all solutions 

was nearly constant at about -100 mV over the contact time of 5 d. It is important to note that 

the redox potential of the samples with 1 mM Fe(II) was already negative at the beginning of 

the experiment. The results show that even without OPA no Tc was detectable in the solution. 

Again the higher uptake of Tc on OPA in both experiments with dissolved FeS and FeCl2 in all 

suspensions indicates that TcO4
- was completely reduced to Tc(IV) and the precipitation of Tc 

is most probably. The calculated equilibrium concentration of Tc of 10-9 to 10-8 M agrees very 

well with the solubility limit of TcO2 [65, 66] and thus supports the suggestion of a precipitation 
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of TcO2. The results of the influence of 1 mM Fe(II) are in good agreement with previously 

published works. The reduction of TcO4
- and formation of precipitates by Fe(II) addition has 

been reported in several studies such as by Kobayashi et al. [67] and Zachara et al. [68]. 

5.2 Diffusion of Tc in Opalinus Clay 

Up to now there are few diffusion data available for Tc diffusion in OPA, and our study focused 

on the effect of oxygen (aerobic/anaerobic conditions) on the in-diffusion of 99TcO4
-using OPA 

pore water (pH = 7.6) as mobile phase. A detailed description of the experimental setup and 

data processing for the diffusion experiments can be found in section 3.1. Two stainless steel 

diffusion cells – for experiments under aerobic and anaerobic conditions (argon glove box) – 

were used to study the diffusion of TcO4
- in OPA and to determine the diffusion parameters 

(De, α, and ), which are needed for transport modeling. In the aerobic experiment stainless 

steel filters were used and for the anaerobic bore core polyethylene filters were used. The 

direction of diffusion was perpendicular to the bedding in both experiments.  

As already explained in section 3.1, the OPA bore cores (BLT 14) were characterized via 

through-diffusion experiments using tritiated water (HTO) and 22Na+. If the determined porosity 

of the used bore cores were in the known range of OPA, in-diffusion of TcO4
- was started. The 

obtained diffusion parameters (De, , and α) for HTO and 22Na+ are presented in Table 17. 

Table 17: Experimental details of cells 1 and 2 together with the obtained diffusion parameters De, ε, and α for 

HTO and 22Na+ in OPA by through-diffusion experiments. 

Cell 
ø  

/ mm

l

/ mm



/ kg/m³
O2

HTO 

(c0 = 1.1  10-9 mol/L)

22Na+ 

(c0 = 1.1  10-9 mol/L)

ε
De

/ 10-11 m2/s


De

/ 10-11 m2/s

1 25.44 11.08 2354 yes 0.17 ± 0.01 1.6 ± 0.1 0.56 ± 0.03 1.7 ± 0.01 

2 25.55 10.97 2354 no 0.20 ± 0.01 1.8 ± 0.1 0.64 ± 0.03 1.7 ± 0.1 

[36] 25.40 11.00 2420 yes 0.15 ± 0.01 1.5 ± 0.1 0.50 ± 0.02 1.9 ± 0.1 
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As shown in Table 17, the OPA bore cores of cells 1 and 2 have similar porosities, which are 

representative for OPA from Mont Terri [36, 39]. Furthermore, the De values of HTO and 22Na+

for both cells are in the same range as values known from the literature [36, 39].  

The in-diffusion experiment of TcO4
- was started after the through- and out-diffusion of HTO 

and 22Na+ had been completed. The high-concentration reservoir was filled with 220 mL 

artificial pore water (pH 7.6), spiked with 8 µM 99TcO4
-. The diffusion time was 153 d (cell 1) 

and 182 d (cell 2). During this time, the Eh (SHE) in the high-concentration reservoir was equal 

to approximately 430 mV (cell 1) under aerobic conditions and 80 mV (cell 2) under anaerobic 

conditions. Figure 39 shows the flux (left) and the accumulated activity (right) as a function of 

diffusion time of TcO4
- in OPA. In the case of diffusion under aerobic conditions (black dots), 

the flux increased with diffusion time at the transient phase and reached steady state after 60 d. 

The accumulated activity increased also with time, becoming a linear function of time as the 

steady state was reached. Breakthrough of TcO4
- was observed after one month.  

Under anaerobic conditions (blue circles) no Tc was found on the secondary side within 

diffusion times of 182 d. This suggests a complete retardation of the TcO4
- in the OPA bore 

core. The obtained diffusion parameters (De and ) for TcO4
- are summarized in Table 18. 

Cell 1: aerobic
         [Tc(VII)] = 7.1 M
         pH = 7.6; Eh = 430 mV (SHE)

Cell 2: anaerobic
         [Tc(VII)] = 8.0 M
         pH = 7.5; Eh = 80 mV (SHE)

0 40 80 120 160 200

1E-4

1E-3

0.01

0.1

1

0 40 80 120 160 200
0

20

40

60

80

100

J 
/ B

q/
cm

2 ·d

Time / d

Detection limit

A
ac

cu
m

 / 
B

q

Time / d

Figure 39: The flux (left) and accumulated activity (right) as a function of diffusion time of TcO4
- under aerobic 

(cell 1) and anaerobic (cell 2) conditions. 
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Table 18: Experimental details of cells 1 and 2 and the obtained diffusion parameters De and α for Tc in OPA 

determined by in-diffusion experiments in comparison with literature data. 

Cell Clay c0
De

/ 10-13 m2/s 
α 

1 OPA 99TcO4
- / 7.1 µM 4.06 ± 0.02 0.07 ± 0.004 

2 OPA 99TcO4
- / 8.0 µM - - 

[39] OPA* 125I- / 34 pM 45.70 ± 2.90 0.10 ± 0.01 

[69] GMZ 

bentonite 
99TcO4

- / 39 µM 35 ± 2 to 

280 ± 20 

0.06 ± 0.01 to 

0.19 ± 0.01 

[70] GMZ 

bentonite *
99TcO4

- / 39 µM 42 ± 2 0.06 ± 0.01 

[70] GMZ 

bentonite * 
ReO4

2- / 8.9 mM 530 ± 20 0.29 ± 0.02 

        * Diffusion experiments were carried out at temperature range 10 ± 3 °C under ambient conditions. 

As can be seen in Table 18 the values of De and α for TcO4
- are smaller than the values for HTO 

(De = (1.6 ± 0.1) × 10-11 m2/s, α = 0.17 ± 0.01). This can be explained by the anion exclusion 

effect caused by the permanent negative charge on the clay surface and the ionic strength of 

pore water [39, 45, 71, 72], and confirms the non-sorption of TcO4
- on OPA in neutral pH range 

under aerobic conditions. Our determined diffusion coefficient (De) is smaller by a factor of 10 

to 100 than those available in the literature for TcO4
- and its analogues ReO4

- and I- in other clay 

minerals such as bentonite [39, 69, 70]. Up to now there is no explanation for this result and 

more experiments are required. 

To explain the complete retardation of TcO4
- in the anaerobic cell further experiments and 

spectroscopic investigations on the speciation of Tc in the bore core are required. 

5.3 Speciation of Tc after interaction with Opalinus Clay 

As already mentioned, sorption and diffusion experiments provide useful constants such as Kd 

values and diffusion parameters, which are necessary for transport modeling. But they cannot 

provide an understanding on a molecular scale of the involved mechanisms. Therefore, 

synchrotron-based techniques such as µ-XRF, µ-XANES, and µ-XRD were used to determine 

the chemical speciation of Tc after uptake on OPA. These spatially resolved investigations were 

complemented by X-ray absorption fine structure measurements (XANES and EXAFS) of 
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powder samples from batch experiments to determine the speciation and the structural 

parameters of the near-neighbor environment of sorbed Tc. 

μ-XRF, μ-XANES, and μ-XRD measurements of Tc on thin section and diffusion sample 

For the spatially resolved molecular-level investigations two kinds of samples were prepared: 

a thin section and parts from an OPA bore core. The thin section of OPA (BAE 25/10) on high-

purity quartz glass object slides was prepared at the Max-Planck-Institut für Chemie, Mainz, as 

described in the Appendix. The thin section had a dimension of 25  23 mm2 and a thickness 

of about 50 μm. The top surface area of OPA which was brought into contact with the solution 

was about 16 mm². After preconditioning, the OPA thin section was contacted with background 

electrolyte (8 mL MilliQ-water) in an argon glove box (anaerobic conditions) at pH 9.5 using 

a homemade sorption cell (Figure 40). A 35 µM TcO4
- solution was added and contacted with 

the thin section for two weeks. The amount of Tc sorbed on the thin section accounted for 16% 

(Tc loading of 0.29 µg/mm2) and the redox potential in the samples was 275 mV (SHE).  

Figure 40: OPA thin section and sorption cell used for spatially resolved synchrotron-radiation investigations: 
a: OPA thin section, b: parts of sorption cell, c: assembled sorption cell. 

The diffusion sample was prepared by the same experimental procedure used for the  

in-diffusion experiment of Np(V) as described in the Appendix. An intact OPA bore core 

(BLT 14) embedded into epoxy resin and mounted in a filter free PEEK diffusion cell (Figure 

41) was contacted with 7 µM TcO4
- for 28 d under ambient air conditions using OPA pore water 

(pH = 7.6) as mobile phase. The measured redox potential was about 370 mV. The clay in the 

cell was installed in a manner that the diffusion proceeded parallel to the bedding. At the end 

of the experiment, the bore core was removed from the cell, dried, and cut  

into small pieces (Figure 41). One piece was used to study the Tc speciation after diffusion in 

OPA. Unfortunately, the µ-XRF and µ-XANES measurements of this diffusion sample at the 

Diamond Light Source showed that the amount of Tc was below the detection limits of these 
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techniques. Therefore, the following section reports on the studies of the thin section only. 

µ-XRF mappings were measured to determine the elemental distributions of Tc and its potential 

correlation with other elements contained in OPA such as Fe and Ca. Regions of high Tc 

concentrations were subsequently investigated by µ-XANES to determine the oxidation state 

of Tc. Further, μ-XRD was employed to gain knowledge of reactive crystalline mineral phases 

in the vicinity of Tc enrichments.  

Figure 41: Preparation of diffusion samples for spectroscopic studies at the Diamond Light Source; a) diffusion 

cell and OPA bore core embedded in epoxy resin; b) split OPA bore core in the sample holder, c) diffusion sample 

mounted on an aluminum sample holder. 

These speciation investigations of the OPA thin section by µ-XRF, µ-XANES, and µ-XRD 

were performed at the I18 beamline at the Diamond Light Source (DLS, Harwell Science and 

Innovation Campus, UK) [73], with settings described in the Appendix. Figure 42 shows a 

1  1 mm2 overview mapping of Tc, Fe, and Ca of the thin section sample recorded at 

21100 eV.  

Figure 42: µ-XRF overview mapping (1 × 1 mm2, step size 20 × 10 µm2 (h  v), E = 21100 eV) of (a) Tc, (b) Fe, 

and (c) Ca of the thin section sample. 
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As can be seen in Figure 42 the spatial distributions of Tc, Fe, and Ca in the thin section sample 

were measured with good quality and show a widely homogeneous distribution with minor 

enrichments (“hot spots”). No clear visual correlation between these elements was observed. 

This was also confirmed by scatter plots using the Excel function CORREL. The calculated 

correlation coefficients were 0.03 for Tc/Fe and 0.32 for Tc/Ca. Due to the high energy used 

for the µ-XRF analysis, it was not possible to measure lighter elements such as Al and Si 

contained in OPA simultaneously with Tc and Fe. For further investigations three regions of 

the overview mapping were selected and remapped with a higher resolution (Figure 43). 

Figure 43: Left: µ-XRF overview mapping (1  1 mm2, step size 20  10 µm2 (h  v), E = 21100 eV) of Tc of the 

thin section sample. Right: Remapping (200  200 µm2, step size 5  2.5 µm2 (h  v), E = 21100 eV) of location 

I marked in the overview mapping.

From region No. I three points of local Tc enrichments were selected for further µ-XANES 

investigations (Figure 43, right). A maximum of two absorption spectra were recorded per point 

to determine the speciation. The resulting normalized spectra are shown in Figure 44 together 

with the reference data of TcO2 and NH4TcO4. The measured µ-XANES spectra of spots 1–3 

show a similar near-edge structure (sorption edge at 21054 eV) and agree well with the 

reference spectrum for TcO2 [74]. Furthermore, none of the spectra show the characteristic pre-

edge peak of the NH4TcO4 spectrum at 21023 eV [75]. The results of the LCF show a 

quantitative reduction of TcO4
- in the local enrichments to TcO2 (96–100%). Both, the shape of 

the absorption spectra as well as the position of the absorption edge [74-77] support the result 

of the LCF.  
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Figure 44: Normalized Tc K-edge XANES spectra measured on spots 1 to 3 marked in Figure 43 (right) with the 

reference spectra of TcO2 and NH4TcO4.

For this reduction at least one redox-active couple (such as Fe2+/Fe3+) contained in OPA must 

be responsible. Therefore, several selected areas around the Tc hot spots which had been 

examined by µ-XANES were analyzed by μ-XRD. Using the XRDUA software [78] the 

collected reflection of the selected area were compared with the XRD data of different mineral 

phases contained in OPA such as pyrite, siderite, illite, and calcite (data not shown). 

Unfortunately, broad peaks of the XRD patterns were obtained which did not allow an 

unambiguous assignment of one of the possible mineral phases. Nevertheless, our present 

results are consistent with many spectroscopic investigations, indicating a reduction of TcO4
-

while interacting with clay minerals. For example Bishop et al. studied the Tc sorption on clay 

minerals such as montmorillonite and illite [79]. They showed that TcO4
- was reduced to 

insoluble Tc(IV) by Fe(II) contained in the clays. Jaisi et al. confirmed the reduction of TcO4
-

to TcO2 by Fe(II) associated with the clay mineral nontronite [80].  
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XAFS measurements of Tc uptake by Opalinus Clay 

The sorption of TcO4
- on OPA was investigated by XAFS as a function of the OPA 

concentration and contact time in the presence of dissolved Fe(II) under anaerobic conditions 

in OPA pore water as background electrolyte at pH 7.6. Details of the measured samples can 

be found in Table 19. 

XAFS investigations (XANES and EXAFS) were performed at the MARS beamline at the 

Synchrotron Soleil in France [81] on different powder samples from batch sorption experiments 

(authorized sample holder is shown in Figure 45). From XANES and EXAFS measurements 

the main species of Tc taken up by OPA can be determined and enable to distinguish between 

surface complexes and precipitations. 

Table 19: Summary of the OPA samples prepared at 12 µM TcO4
- under anaerobic conditions at pH 7.6 in 

presence of 0.1 mM FeCl2 for EXAFS measurements.

Sample 
Contact 

time 

Tc loading 

/ ppm 

[OPA] 

/ g/L 

Eh / 

mV 

Tc sorption 

/ % 

Tc-1 1 h 160 3.5 -59 49 ± 4 

Tc-2 1 d 187 3.5 -51 57 ± 3 

Tc-3 1 d 34 8.0 -46 22 ± 6 

Tc-4  5 d 223 3.5 63 68 ± 2 

Tc-5 5 d 23 8.0 81 14 ± 6 

As shown in Table 19 the samples with S/L ratios of 3.5 g/L do not show the expected complete 

uptake of Tc, and the lowest sorption of Tc was found in the samples with 8 g/L. With increasing 

contact time the Tc concentration decreased in solution. Since all redox potentials are in the 

stability range of Tc(IV) and below, precipitation or quantitative sorption of Tc on the OPA 

surface was expected. One possible explanation for our results is a slower kinetics due to a 

higher Tc concentration in solution. Peretyazhko et al. showed that an increase of Tc 

concentration decreases the kinetics of reduction significantly [82].  
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Figure 45: a) Components of the XAFS sample holder; b) assembled sample holder; c) sample array. 

Tc K-edge XANES spectra of the samples Tc-1 to Tc-5 together with reference spectra of 

NH4TcO4 and TcO2 taken from [74] are shown in Figure 46. All spectra are very similar and 

show a shoulder at 21044 eV that is characteristic for TcO4
-. The quantification of the amounts 

of TcO4
- and Tc(IV) in the samples was carried out using LCF. As an example for all samples, 

Figure 47 presents the reproduction of the absorption spectrum of the sample Tc-4.  
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Figure 46: Normalized Tc K-edge XANES spectra of samples Tc-1 to Tc-5 together with reference spectra of 
NH4TcO4 and TcO2 (taken from [74]).
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The result of the LCF shows that in all spectra Tc(IV) is the dominant species and TcO4
- is the 

minor species (Figure 20). This is also in good agreement with the previous results obtained by 

spatially resolved investigations of OPA thin sections. The position of the absorption edge 

(21056 eV) agrees well with previously published values for Tc(IV) [67, 74, 76] and thus 

confirms the results of the LCF. The small amounts of TcO4
- in the samples can be explained 

by possible oxidation of reduced Tc during the transport or by small residues of the supernatant 

after phase separation. 
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Figure 47: Normalized Tc K-edge XANES spectrum of sample Tc-4 together with reproduction from LCF using 

reference spectra of NH4TcO4 and TcO2 (taken from [74]). 

Table 20: Results of the LCF of the XANES spectra of samples Tc-1 to Tc-5. 

Sample 
Species / % 

Tc(IV) TcO4-

Tc-1 93 ± 2 7 ± 2 

Tc-2 86 ± 1 14 ± 1 

Tc-3 83 ± 1 17 ± 1 

Tc-4 88 ± 1 12 ± 1 

Tc-5 80 ± 1 20 ± 1 
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Figure 48 presents the Tc K-edge k3-weighted EXAFS spectra together with the related Fourier 

transform magnitudes (FT) of samples Tc-2 and Tc-4. Due to low Tc loading in the samples 

Tc-3 (34 ppm) and Tc-5 (23 ppm), no EXAFS spectra were measured. Unfortunately, the 

sample Tc-1 (160 ppm) showed a poor signal-to-noise ratio and was therefore excluded. 

Figure 48: Raw Tc K-edge k3-weighted EXAFS spectra and the best fir to the data (left) together with the related 

Fourier transform magnitudes (FT) (right) of samples Tc-2 and Tc-4. 

As can be seen in Figure 48 both samples show very similar EXAFS patterns with minor 

differences. That means that the contact time and difference in the Eh values have no influence 

on the local structure of the Tc uptake on the clay surface.  

The EXAFS spectra were analyzed using the software packages Athena [46] and EXAFSPAK 

[83]. Backscattering phase and amplitude functions required for data fitting were calculated 

with FEFF 8.20 [84] using crystal structures of TcO2 [85]. For modeling possible interactions 

of Tc with Fe, McKale wave theory included in EXAFSPAK was used. In both samples the 

structural parameters derived from the best EXAFS fits show five coordination shells 

summarized in Table 21. The structure shows three O atoms at 2.0 Å, one Tc atom at 2.5 Å, 

one Tc atom at 3.2 Å, one Fe atom at 3.6 Å, and a Tc-O-Tc-O multiple scattering interaction at 

4.1 Å.  
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Table 21: EXAFS structural parameters of samples Tc-2 and Tc-4 determined by EXAFS measurements. 

Sample Shell N R (Å) 2 (Å2) E0 (eV) Red. error 

Tc-2 

O 

Tc 

Tc 

Fe 

MS 

2.7 (1) 

1.1 (1) 

1.1 (1) 

1.1. (1) 

1.8 (4) 

2.02 (3) 

2.54 (1) 

3.27 (1) 

3.61 (2) 

4.17 (2) 

0.001 (1) 

0.012 (1) 

0.004 (1) 

0.003 (1) 

0.001 (4) 

0.30 
5.7 (2) 

5.4 (7) 

5.7 (2) 

Tc-4 

O 

Tc 

Tc 

Fe 

MS 

3.2 (1) 

1.5 (4) 

1.1(1) 

1.1 (1) 

1.6 (3) 

2.02 (1) 

2.54 (1) 

3.26 (1) 

3.59 (1) 

4.14 (2) 

0.002 (1) 

0.013 (2) 

0.005 (1) 

0.004 (1) 

0.002 (3) 

5.1 (1) 

0.16 
5.0 (6) 

5.1 (1) 

TcO2 

[74] 

O 

Tc 

Tc 

Tc 

6 

1 

1 

4 

1.94–2.08 

2.48 

3.08 

3.65 

- - - 

TcO2 

[85] 

O 

Tc 

Tc 

O 

O 

MS 

6 

1 

1 

1 

4 

4 

1.86–2.14 

2.52 

3.07 

3.25 

3.37–3.38 

3.92 

- - - 

N coordination number, R distances, σ2 Debye-Waller factors, E0 energy, MS multiple scattering (Tc-O-Tc-O). 

The number in parentheses are the uncertainty of the values (In general, coordination numbers have an error of 

25% and bond distances have an error of 0.5% when compared to data from crystallography). 

The obtained EXAFS parameters, compared with the literature values for TcO2 [74, 85], show 

a good agreement between the respective coordination shells, although small deviations in the 

number of neighboring atoms or distances occur. The lower coordination number of the first 

Tc-O shell may indicate a chain structure of Tc(IV) as described by Lukens et al. for TcO2 as a 

radiolytic reduction product of TcO4
- in highly alkaline solution [86].  To improve the obtained 

fit, the EXAFS data of the samples were fitted with a mixture of TcO4
- and Tc(IV) as determined 

by LCF of the XANES spectra. However, no improvement of the fit was obtained. Furthermore, 
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two atoms of Si/Al neighbor at 3.8 Å (instead of the Tc-Fe interaction at 3.6 Å) were considered, 

but did not improve the fit significantly by reducing the obtained error. As a conclusion TcO4
-

is reduced to TcO2 by Fe(II) and forms an inner-sphere complex on the OPA surface and / or 

precipitates as TcO2 cluster on the OPA surface. EXAFS measurements show again that Tc(IV) 

is the dominant species on the clay surface after uptake process and confirm the obtained results 

by µ-XANES measurements of the thin section. 
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6 Summary 

The objective of this project was to investigate the transport and retardation processes of the 

actinides neptunium (Np) and plutonium (Pu) and the fission product technetium (Tc) with 

argillaceous rocks in case of a leakage of these radioelements into the host rock of a nuclear 

waste repository. With regard to the high salinity of formation waters in argillaceous rocks in 

Northern Germany, the influence of ionic strength on the sorption and diffusion of Np, Pu, and 

Tc in natural clay was investigated in detail and compared to results obtained previously for 

Opalinus Clay (OPA) pore waters with an ionic strength of 0.4 M. The aim of these 

investigations was to provide input parameters for modelling sorption and diffusion of 

radionuclides that are relevant in the framework of the performance assessment of a future 

nuclear waste repository with an argillaceous host rock. 

Experimental data for the sorption of Np(V) on Na-montmorillonite (Na-STx-1) were collected 

in dependence of several chemical parameters (pH, ionic strength, Np concentration, solid-to-

liquid ratio, presence/absence of atmospheric CO2) in order to answer the question whether the 

2 Site Protolysis Non Electrostatic Surface Complexation and Cation Exchange 

(2 SPNE SC/CE) model can be extended from low and medium ionic strengths to higher 

salinities. From the modelling exercise it can be concluded that the 2 SPNE SC/CE model in 

combination with the Specific Ion Interaction Theory (SIT) is able to describe the sorption 

curves of Np(V) obtained in NaCl as background electrolyte with an ionic strength of up to 

3 M. 

OPA was used as a reference material for natural clay to investigate the influence of salinity on 

the sorption behaviour of Np(V), Pu(III), and Am(III). In the near-neutral pH range a significant 

difference was observed between NaCl background solutions and OPA suspensions in MgCl2

and CaCl2. The sorption of Np(V) was independent from ionic strength in the range of 0.1 to 1 

M NaCl. The lower Np(V) uptake by OPA observed in 0.03 and 1.0 M MgCl2 solutions as well 

as in OPA pore water in comparison to NaCl solutions indicates that the divalent cations Mg2+

and Ca2+ compete with NpO2
+ for sorption sites at the mineral surfaces. 

The trivalent actinides Pu and Am showed identical sorption behaviour on OPA in synthetic 

pore water, 0.1 M MgCl2, and 0.1 M CaCl2 solutions with a sorption edge at approximately pH 

5.5 and a complete uptake above pH 7. At lower pH (4.0-5.5) cation exchange is the main 



76 

mechanism that governs the uptake of Am(III) by OPA as indicated by the observed ionic-

strength dependence in NaCl and CaCl2 media as well as in OPA pore water. 

The effects of salinity and temperature on the diffusion of Np(V) in intact OPA bore cores at 

pH 7.6 were investigated using different mobile phases, i.e., OPA pore water and 1-3 M NaCl. 

These experiments showed that the effective diffusion coefficient De decreases with NaCl 

salinity from 6.9  10-12 m2/s (1 M NaCl) to 2.4 10-12 m2/s (3 M NaCl). At the same time the 

Kd values for the sorption of Np(V) on OPA that were calculated from the rock capacity factor 

 are independent from NaCl salinity. This agrees with the Np(V) batch experiments mentioned 

above. The temperature dependence of Np(V) diffusion in OPA with synthetic pore water and 

1 M NaCl as mobile phases was studied in the range of 24 ± 2 to 60 ± 2 C and can be described 

by the Arrhenius equation with activation energies of approximately 18-21 kJ/mol. These 

diffusion experiments confirmed the observation made in batch experiments, namely that the 

sorption of Np(V) on OPA suspended in NaCl solutions at pH 7.6 does not depend on 

temperature in the range of 24-80 C. 

Diffusion profiles of Np(V) in OPA measured by µ-XRF showed a pronounced dependence on 

the mobile phase (OPA pore water / 1 M NaCl) and the diffusion time. Np L3-edge µ-XANES 

spectroscopy revealed that approximately up to 25% of the initial Np(V) gets reduced to Np(IV) 

inside the clay during diffusion. In the vicinity of Fe(II)-bearing minerals like pyrite, a higher 

degree of reduction with up to 88% Np(IV) was observed. The reducing capability of OPA was 

observed also for the diffusion of Pu(V) in OPA. After a short diffusion length of approximately 

200 µm, the initial Pu(V) was completely reduced to 30% Pu(III) and 70% Pu(IV). 

The coupling of capillary electrophoresis (CE) with ICP-MS was developed further for the 

speciation of actinides (Th, U-Am) in different oxidation states by systematically measuring 

their electrophoretic mobility in different electrolytes. The CE-ICP-MS method was applied to 

the speciation of Eu(III) and Pu(III) in OPA suspensions. 

The sorption of the redox-sensitive fission product 99gTc on OPA was studied in batch 

experiments under ambient-air and reducing conditions. At near-neutral pH, TcVIIO4
- does not 

interact with OPA. However, under reducing conditions the Tc is taken up almost completely, 

predominantly as TcO2 as indicated by Tc K-edge XAFS spectroscopy. 
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7 Appendix 

Chemicals: All chemicals used were at least of analytical grade or higher and obtained from 

different distributors (Alfa-Aeser, Fluka, Merk, Carl Roth, Sigma-Aldrich, Riedel-de Haën, 

Fisher Scientific, High-Purity Standards, Accu TraceTM, CPI International). Experiments under 

anaerobic condition were carried out in a glove box (Unilab, MBraun, Germany) under Ar 

atmosphere (> 99.99% purity) with oxygen concentrations below 0.1 ppm. Millipore water 

(18.2 MΩ, Synergy™ Millipore water system, Millipore GmbH, Germany) was used to prepare 

the solutions of background electrolytes (i.e., OPA pore water, NaCl, CaCl2, MgCl2). All 

solutions used for experiments in the absence of CO2 were prepared with CO2-free, boiled 

Millipore water. 

All solutions used for CE-ICP-MS or potentiometric reductions were filtered through a 0.2 µm 

syringefilter Mini Tip with PVDF-membrane (Nalgene, USA). 

Opalinus Clay (OPA): The Opalinus Clay used in this work came from the Mont Terri Rock 

Laboratory, Switzerland. Thin sections and cylinders for diffusion studies were prepared out of 

intact OPA bore cores (BLT 14, different depths). OPA powder for batch experiments was 

prepared from crushed and grinded bore cores and stored either under aerobic (BHE 24/1, depth 

3.30–3.56 m) or anaerobic (BHE 24/2, depth 3.56–3.89 m) conditions. 

The cation exchange capacity (CEC) of the aerobic powder (BHE 24/1) equals to 10 ± 4 meq/kg 

and the specific surface area (SSA) determined using the N2 BET method equals to 

41.3 ± 0.5 m²/g [87]. The mineral composition and trace element concentration was measured 

by X-ray fluorescence analysis and published by Fröhlich et al. [17]. More detailed information 

about the main physicochemical characteristics of the Mont Terri Opalinus Clay can be found 

in the NAGRA technical report 02-03 [25]. All OPA powders and cylinders were prepared at 

the Karlsruhe Institute of Technology – Institute for Nuclear Waste Disposal (KIT-INE).  

Stock solutions: 

Neptunium: Stock solutions of 237Np(V) and 239Np(V) were prepared by the same procedure 

as described in detail elsewhere [19]. The oxidation state of the 237Np stock solution was 
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verified by UV-Vis absorption spectroscopy with the characteristic absorption band of Np(V) 

at 980.4 nm. The concentrations of 237Np and 239Np were determined by γ-ray spectroscopy 

using the -lines at 29.37 keV and 86.48 keV for 237Np and 103.37 keV and 106.12 keV for 
239Np. The resulting stock solutions had a pH value of about 1.5 and a concentration of 8 × 10-

3 M 237Np(V) and 8 × 10-9 M 239Np(V). For the sorption experiments, the pH of the Np stock 

solution was adjusted to  4.0 using 5 M NaOH. 

Plutonium: A 3.0 × 10-3 M 239Pu(VI) stock solution was obtained after purification from its 

decay products and 241Am using anion exchange chromatography. Pu was eluted with 0.5 M 

HCl and fumed several times with 1 M HClO4 (not to complete dryness). The trivalent, 

tetravalent, and pentavalent oxidation states of Pu were obtained from the purified Pu(VI) stock 

solution by potentiostatic electrolysis in 1 M HClO4. The oxidation state purity was verified by 

UV-Vis spectroscopy using the characteristic absorption bands at 601 nm for Pu(III), 470 nm 

for Pu(IV), 569 nm Pu(V), and 830 nm for Pu(VI) [88, 89]. The concentration of the 239Pu stock 

solutions was determined by liquid scintillation counting (LSC). The resulting stock solutions 

had a concentration of 4 × 10-4 M Pu(III), 6 × 10-4 M Pu(IV), 5 × 10-4 M Pu(V), and 3 × 10-3 M 

Pu(VI). 

Americium: A stock solution of 241Am(III) was prepared by evaporating an Am solution in 

HCl obtained from home isotope depot until dryness and redissolving the residue in  

1 M HClO4. The concentration of the resulting 3 × 10-5 M 241Am(III) solution was checked by 

-ray spectroscopy using the specific -line at 59.5 keV. 

Technetium: 99Tc stock solution was purchased from Eckert and Ziegler with a concentration 

of 1.2 × 10-2 mol/L. 

Analytical techniques: 

α spectroscopy: This spectroscopic technique was used to confirm the purity of the used α 

emitting radionuclide solutions of 237Np, 239Pu, and 241Am. The detector was a silicon surface 

barrier detector (ORTEC, USA) with an active area of 450 mm², a detector resolution of  

< 25 keV at 5.5 MeV, and an efficiency of about 15%. The samples were prepared by depositing 

a small volume of 10–30 µL on a titanium or tantalum foil and evaporating this to dryness. 

-ray spectroscopy: The concentrations and purities of 22Na, 237Np, 239Np, and 241Am were 

analyzed with a coaxial semiconductor  detector of high-purity germanium (HPGe 

GMX-12180-S, ORTEC, USA) combined with a Canberra Inspector 2000 (model IN2K, 
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Canberra Industries, Inc., USA). The data were processed with the computer program Genie 

2000 gamma acquisition and analysis software (V. 3.0, Apr 05, 2004; Canberra Industries, Inc., 

USA). The calibration of the detector was done with a multi-element standard reference solution 

QCY48 (No.: R6/50/38, Amersham plc, UK). All samples were measured until an error level 

of about 3% was reached at a confidence level of 2σ.  

UV-Vis spectroscopy: UV-Vis absorption spectra were recorded for Pu and Np using a 

high-resolution UV-Vis spectrometer (Tidas 100, J&M Analytik AG, Germany). The solutions 

were stored in 1.5 mL semi-microcuvettes (Brand GmbH, Germany) and checked for the purity 

of the produced oxidation states. 

Liquid scintillation counting (LSC): 239Pu, HTO, and 22Na+ concentrations were determined 

using LSC (Hidex, Finland) by adding 1–2 mL of sample solution to 10 mL LSC cocktail 

(Ultima GoldTM XR, PerkinElmer LAS GmbH, Germany). The samples were measured until a 

2σ error of 2% was attained. 

pH and Eh measurements: The pH of solutions was measured using a pH meter (Cond pH 

720, WTW GmbH, Germany) equipped with a pH electrode (blue line 16 pH, Schott, Germany) 

and a temperature sensor (TFK 150, WTW, Germany). The electrode was regularly calibrated 

with certificated buffer solutions of pH 4.01, 6.87, and 9.18 (Schott, Germany). Temperature 

depending experiments were performed with a heated aluminum block in which the sample 

tubes of 50 mL volume were placed. The solutions within the tubes were stirred with small 

stirring bars. The temperature in the samples was checked by measuring simultaneously a blank 

sample containing MilliQ-water. While the pH can be detected directly at low ionic strengths 

(< 0.1 M), one has to correct the measured pH value at higher ionic strengths (> 0.1 M) because 

of deviations in the activities of the ions between the electrode´s electrolyte solution and the 

sample solution. The correction parameter (A-value) is calculated by measuring solutions at 

distinct pH values in the absence and presence of salt of a defined amount.   

�� � 	����� � 		, 

where pH is the real pH value of the solution, pHexp is the measured pH value and A the 

correction parameter.  

Redox potentials were measured by connecting a redox electrode (blue line 31 RX, reference 

system: Ag/AgCl, Germany) to the pH meter which was checked with a standard solution of 

known potential (240 mV, HI 7021 ORP solution, HANNA instruments, USA). 
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Measurements of Np and Pu at the Swiss Light Source: Spatially resolved synchrotron 

radiation measurements (µ-XRF, µ-XANES, and µ-XRD) of Pu and Np samples were 

performed at the microXAS beamline at the Swiss Light Source, Paul Scherrer Institute (PSI), 

Switzerland [90] using a Kirkpatrick-Baez mirror micro-focusing system and a double-crystal 

monochromator with three different crystal pairs (Si (111), Si (311) and Ge (111)). In this 

experiment, a pair of Si(111) crystals was used. The ring current during the measurement was 

about 400 mA. X-ray fluorescence was measured using a Ketek single-element Si-detector. 

Detailed information about these spatially resolved studies can be found in [90]. µ-XRF 

mappings of elements (Si, S, K, Ca, Ti, Mn, Fe, Zn, Rb, Sr) which are contained in OPA, were 

collected at an excitation energy above the LIII-edge. Overview mappings were taken at a step 

size of 20–10 µm, fine mappings were performed in 5–1 µm steps. All measurements were done 

with a beam size (h × w) of ≈ 1–2 × 2–5 µm2. A Zr foil (17998 eV) was used for energy 

calibration. As Sr has a high abundance in OPA (>200 µg/g OPA), the Np Lα fluorescence 

(E(Lα) = 13.95 keV) is covered by the Sr Kα fluorescence (E(Kα) = 14.16 keV). Therefore, the 

Np µ-XRF mappings can be calculated by an application of two different methods. The first 

one is the edge-contrast method. This means a subtraction of fast on-the-fly µ-XRF mappings 

of Sr with an excitation energy of 17550 eV from those using 17620 eV, which is above the Np 

LIII-edge of 17610 eV. The other applied method uses the ratio of the counts of the Np Lα ROI 

to those of the Sr Kα ROI both at the excitation energy of 17620 eV from the same on-the-fly 

µ-XRF image. This second method provides Np profiles with less noise from spatial jitter of 

the measuring assembly and higher quality than the edge-contrast method. Yet, this data 

evaluation depends more on a homogeneous distribution of Sr which can be different due to the 

OPA heterogeneity. According to that, a second scan was always taken below the Np LIII-edge 

for the subtraction method. Usage of both methods provided an enhanced reliability and was 

used as a verification of the collected data. However, the further data analysis was restricted to 

the contrast-edge mode. All XRF mappings for Np or Pu were analyzed using a PSI intern 

MATLAB code. Np or Pu hot spots were studied by LIII-edge µ-XANES in fluorescence mode. 

Deadtime corrections for the measured XANES spectra were performed using an in-house java 

applet code. Background and energy corrections of the spectra were performed with the 

software package Athena [46]. The XANES spectra were analyzed using a LCF code of the 

software package Athena [46] and reference spectra of Np(IV) and Np(V) and in case of Pu 

from Pu(III), Pu(IV), and Pu(V) from aqueous solution. LCF allows to determine the relative 

amount of different oxidation states in the sample from XANES spectra. The µ-XRD 
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measurements were performed using the above mentioned beam size and a Pilatus 100K 

detector. Experimental parameters such as sample-detector distance, detector plane orientation, 

etc., were refined by measuring different reference powders or foils (i.e., Al2O3, SiO2, Si-Zr). 

The analysis of the diffraction patterns was performed with the program XRDUA [78]. 

Measurements of Tc at Soleil and Diamond Light Source: For X-ray absorption fine 

structure measurements (XAFS), the sorption samples were centrifuged at 108,000 g for 1 h 

after a contact time of 1 h to 5 d to separate the solid and liquid phases. The solid residues were 

dried under Ar atmosphere (Ar glove box > 99.99%) for a few days, grinded and loaded into a 

sample holder with Kapton windows (authorized design by Soleil synchrotron facility). The 

transport of the samples was performed in an anaerobic transport container purged with argon 

and equipped with a seal ring. Tc K-edge absorption spectra (21044 eV) were collected in 

fluorescence mode at the MARS beamline [81] at the Synchrotron Soleil in France using a 

13-element HPGe solid-state detector. A Si(111) and Si (220) double-crystal monochromator 

was used for tuning the energy of the incident X-ray beam. One sample containing pure 95 µM 

NH4TcO4 was used for both energy calibration and as reference for the linear combination 

analysis. In order to reduce the dead time of the detector, the fluorescent radiation has been 

attenuated by means of a 1 mm thick aluminum foil. The beam used was also slightly defocused 

(0.5  2.2 mm) to prevent photo-induced redox reactions in the samples. The beam current was 

constant at about 430 mA. The EXAFS analysis was performed with the software packages 

Athena [46] and EXAFSPAK [83]. Backscattering phase and amplitude functions required for 

data fitting were calculated with FEFF 8.20 [84] using crystal structures of NH4TcO4 [91], TcO2

[85], and TcS2 [92]. For modeling possible interactions of Tc with Fe, McKale wave theory 

included in EXAFSPAK was used. The shift in threshold energy, ΔE0, was allowed to vary as 

a global parameter in the fits. 

Spatially resolved synchrotron radiation measurements (µ-XRF, µ-XANES, and µ-XRD) of Tc 

samples were performed at the I18 beamline at the Diamond Light Source (DLS, Harwell 

Science and Innovation Campus) UK [73]. For these investigations, several OPA samples were 

prepared as follows: (i) 99Tc(VII) was sorbed on an OPA thin section under anaerobic 

conditions (Ar glove box) at pH 9.5 using a sorption cell (homemade) with a contact time of 15 

d, (ii) small pieces of OPA were taken from an in-diffusion experiment with Tc(VII), which 

lasted for about one month. The thin section was prepared on glass slides from the OPA batch 

BLT 14. The preparation of the thin section was performed at the Max-Planck-Institut für 
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Chemie in Mainz. The thickness of the thin section was approximately 50 µm and the contacted 

area smaller than 1 cm².      

µ-XRF, µ-XANES, and µ-XRD measurements of all Tc samples were performed as mentioned 

above at I18 beamline at DLS, using a Si(111) monochromator. The incident X-ray beam was 

focused to ~ 4 × 7 μm2 using Kirkpatrick-Baez (KB) focusing mirrors. The ring current during 

the measurement was about 300 mA. The fluorescence data were collected using a high-rate 

fluorescence 9-element solid-state detector system optimised for energies above 5 keV. µ-XRF 

mappings of elements of interest (i.e., Ca, Fe, Sr, As, Tc) were collected at an excitation energy 

above the Tc K-edge (21.1 keV). Overview mappings (1 × 1 mm2 for thin sections and up to 

9 × 3 mm2 for diffusion samples) were taken at a step size of 20–10 µm horizontal and  

10–5 µm vertical. Fine mappings (50 × 50 µm2) were performed in 5–2.5 µm steps. All 

measurements were done with a beam size (h × w) of ≈ 3.9 × 6.7 µm. A Mo foil (20 keV) was 

used for energy calibration. XRF maps were analyzed using the PyMca program [93]. Tc hot 

spots were studied by Tc K-edge µ-XANES in fluorescence mode. Background and energy 

corrections of the spectra were performed with the software package Athena [46]. The XANES 

spectra were analyzed using linear combination fitting analysis (LCF) [46] and reference 

spectra of NH4TcO4 and TcO2. The µ-XRD measurements were performed using the above 

mentioned beam size and a CCD detector, which has been calibrated using X-ray diffraction 

patterns of silicon. The analysis of the diffraction patterns was performed with the program 

XRDUA [78].
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