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Abstract 

The objective of this project was to investigate the transport and retardation processes of the 

actinides, mainly neptunium (Np) and plutonium (Pu), from a repository of spent nuclear fuels 

in an accidental scenario. The interaction of Np and Pu in their relevant oxidation states with 

natural  Opalinus  Clay  (OPA)  from  Mont  Terri,  Switzerland  has  been  studied  in  detail.  

Furthermore, experiments with thorium (Th), uranium (U), and americium (Am) were 

performed for comparison.  

The  sorption  of  NpO2
+, UO2

2+, Pu3+, Am3+, Pu4+,  and  Th4+ on OPA in pore water at  pH 7.6 

was investigated in batch experiments and distribution coefficients were determined. The 

results showed that the tri- and tetravalent actinides are strongly sorbed on OPA with Kd 

values higher than those of the hexa- and pentavalent actinides, which are weakly sorbed.  

The sorption of Np(V) on OPA was studied as a function of pH, aerobic/anaerobic conditions, 

partial pressure of CO2, presence/absence of humic acid (HA), background electrolyte, ionic 

strength, and temperature. The results showed a strong influence of these parameters on 

Np(V) sorption. 

Diffusion parameters for Np(V) were determined for the first time from diffusion experiments 

with intact OPA bore cores as a function of temperature and presence/absence of humic acid 

using OPA pore water as mobile phase. 

The  speciation  of  Np  and  Pu  on  the  OPA  mineral  surface  after  sorption  and  diffusion  

processes was investigated by using different X-ray synchrotron radiation techniques (X-ray 

absorption spectroscopy (XAS), micro XAS (µ-XAS), micro X-ray fluorescence spectroscopy 

(µ-XRF), and micro X-ray diffraction (µ-XRD)). The results showed that Np(IV) and Pu(IV) 

are  the  most  dominant  species  after  sorption  and  diffusion  processes.  Furthermore,  µ-XRD  

studies confirmed that iron-bearing mineral phases (pyrite and siderite) are the redox-active 

mineral phases of OPA which determine the speciation of Np and Pu after uptake on OPA. 

CE-RIMS and CE-ICP-MS were successfully applied to detect the Np and Pu species at 

ultratrace concentrations close to environmental conditions.  

The results of this study will be used as input parameters for performance assessment of a 

future repository for high-level nuclear waste to improve the thermodynamic databases for the 

uptake of actinides by clay rocks. 
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1 Introduction 

The presence of plutonium (Pu) and minor actinides such as neptunium (Np) in nuclear waste 

is a major concern for the long-term safety of nuclear waste repositories because of their 

possible migration from the repository to the environment. The toxicity of the actinide 

elements and the long half-lives of their isotopes are the primary causes for concern [1].  

Argillaceous rocks such as Opalinus Clay (OPA) are under consideration in several European 

countries, for example in Germany, Switzerland, France, and Belgium as potential host rock 

and as backfill material for a high-level nuclear waste repository [2 - 5]. 

The mobility of Np, Pu, and other actinides in aquifers is among several processes controlled 

by the diffusion in materials as well as the sorption on the surfaces. In the clay formations 

diffusion is considered to be the main transport mechanism for radionuclides released from a 

repository [6, 7]. For these reasons, a quantitative knowledge of radionuclide diffusion and 

sorption onto clay minerals is desirable. To predict the radionuclide mobility in the 

environment, it is also necessary to have fundamental knowledge about their interaction with 

rock pore water. Because high-level nuclear waste will significantly heat up the near field of 

the repository, it is also important to study the radionuclide migration at elevated 

temperatures. 

In general, the lighter actinides have a wide variety of oxidation states from III-VII. Np can 

exist in aqueous solution in the oxidation states III - VII. The pentavalent cation, NpO2
+, 

dominates the aqueous speciation under a wide range of environmental conditions and has a 

low tendency for hydrolysis, precipitation, and sorption on natural minerals [8 - 10].  

Pu exhibits a complicated redox chemistry, where four oxidation states (III - VI) can coexist 

in natural waters [11, 12]. The lower oxidation states III and IV are the most interesting 

species with respect to their migration in the environment. Pu3+ and  Pu4+ are stabilized by 

acidic conditions and prevail as solids with low solubility, which leads to high sorption on 

mineral surfaces. Over a wide Eh/pH range Pu(IV) is predominant and due the possible 

formation of colloids, PuO2 is  considered  to  be  one  of  the  most  important  solids  for  Pu  risk  

assessment [13].  

Hydrolysis, solubility, colloid formation, complexation with inorganic (i.e., dissolved 

inorganic carbon in OPA pore water) or organic ligands (i.e., HA), and sorption on mineral 

surfaces are chemical processes that govern the migration behavior of actinides (especially Np 

and  Pu)  in  the  environment.  Up  to  now  the  migration  process  of  Np  and  Pu  in  the  

environment is not completely understood. Therefore, their chemical species in aqueous 
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systems determined by redox-reaction and complexation during uptake on clay mineral 

surfaces have to be considered. 

In the framework of this project, “Interaction and transport of actinides in natural clay rocks, 

under consideration of humic substances and clay organic matter”, OPA from the Mont Terri 

Rock Laboratory, Switzerland, and the corresponding pore water (pH = 7.6, I = 0.4 [14]) have 

been selected as references to study the sorption of Np and Pu on natural clay. OPA is rather 

complex with respect to its mineralogical composition. It consists of 66 ± 11 wt% clay 

minerals (kaolinite, illite, illite/smectite mixed layers, and chlorite), 14 ± 4 wt% quartz, 13 ± 8 

wt% calcite, 3 ± 1.8 wt% siderite, 1.1 ± 0.5 wt% pyrite, and 0.8 ± 0.5 wt% organic carbon [3]. 

Organic compounds, which can be released from OPA under certain conditions, such as fulvic 

and humic acids, can interact with the actinides released from the nuclear waste in an incident 

scenario and significantly affect the sorption and migration behavior of them due to their 

complexation and redox properties and their ability to form stable colloids. 

In this project the basic interaction processes of NpO2
+, Pu3+, Pu4+, Pu6+, and analogous 

actinides (i.e., UO2
2+, Am3+, Th4+) in aqueous solutions with OPA were studied. The influence 

of HA on the sorption of Np and Pu onto OPA was also investigated.  

Batch and diffusion experiments were completed by synchrotron based X-ray absorption 

spectroscopy to determine the structural parameters of Np and Pu sorbed on OPA.  

Very sensitive methods such CE-ICP-MS or CE-RIMS were further developed and applied to 

study the behavior of Np and Pu under environmental conditions enabling the speciation of 

Np and Pu oxidation states in solution at ultratrace concentrations. CE-RIMS delivers a 

detection limit for Pu which is better by 2 to 3 orders of magnitude than the one obtained with 

the previously developed CE-ICP-MS (0.5 ppb for Pu). 
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2 Materials and methods 

2.1 Materials 
 

Opalinus Clay (OPA): In  this  work,  various  OPA  batches  from  the  Mont  Terri  Rock  

Laboratory, Switzerland, were used. Aerobic and anaerobic OPA samples, i.e., powders, thin 

sections or cylinders were prepared from OPA bore cores. An overview of the different OPA 

batches and their applications are summarized in Tab. 1. 

 
Table 1: OPA (from Mont Terri) batches and their applications.  

 
OPA bore core Depth / m Preparation Type Experiment 

BHE 24/1 3.30 - 3.56 aerobic powder batch / XAS 

BDR 2 7.31 - 7.60 anaerobic powder batch / XAS 

BAE 25/10 6.27 - 6.45 aerobic 
thin section, 

bore core 
µ-XAS, diffusion 

BHE 24/2 3.56 - 3.89 anaerobic powder batch / XAS 

BLT 14 2.12 - 2.52 aerobic bore core batch / diffusion 

 

Aerobic and anaerobic OPA powders were prepared in air and under Ar atmosphere from 

OPA  bore  cores  (BHE  24/1)  and  (BDR  2  or  BHE  24/2),  respectively.  The  specific  surface  

area of the aerobic powder measured by N2 BET equals 41.3 ± 0.5 m2/g, the cation exchange 

capacity is equal to 10 ± 4 (meq/kg) [15]. The mineral composition and the content of the 

trace elements of the used aerobic OPA were measured by X-ray fluorescence analysis and 

published by Fröhlich et al. [16]. More information about the main physicochemical 

characteristics of Mont Terri OPA such as composition, microstructure, surface area, surface 

charge, etc. can also be found in [3]. All OPA powders and cylinders were prepared at the 

Karlsruhe Institute of Technology - Institute for Nuclear Waste Disposal (KIT-INE).  

 
OPA pore water: The synthetic OPA pore water had a pH of 7.6 and an ionic strength of 0.4 

M.  It  consisted  mainly  of  NaCl  with  minor  amounts  of  CaCl2, MgCl2, KCl, SrCl2, Na2SO4, 

and NaHCO3 [14].  The  exact  composition  of  the  artificial  pore  water  used  in  the  batch  and  

diffusion experiments is given in Tab. 2. 
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Table 2: Composition of the synthetic OPA pore water [14] used in the batch and diffusion 

experiments.  

Salt Concentration / g/L 

NaCl 12.38 

KCl 0.12 

MgCl2·6H2O 3.48 

CaCl2·2H2O 3.79 

SrCl2·6H2O 0.14 

Na2SO4 2.00 

NaHCO3 0.04 

 
 
Humic acids (HA): To study the influence of HA on the sorption and diffusion experiments, 

the synthetic HA type M42 (batch M145) [17] was used. Synthetic HA M42 has an elemental 

composition similar to natural HA. The carboxyl group content and proton exchange capacity 

(PEC) of M42 are 3.51 ± 0.07 meq/g and 3.76 ± 0.09 meq/g, respectively. Phenolic/acidic OH 

groups content is 2.0 ± 0.2 meq/g. The unmarked M42 HA (batch 145) was used in XAS 

investigations. Sorption and diffusion experiments were performed using 14C-labeled ([14C] 

M42 batch R2/06). 14C M42 has a specific activity of 5.8 ± 0.6 MBq/g, a proton exchange 

capacity of 3.11 ± 0.39 meq/g, and a carboxylic acid content of 2.90 ± 0.06 meq/g [18]. The 

humic acids M42 were provided by Helmholtz-Zentrum Dresden-Rossendorf - Institute of 

Radiochemistry. 

 
Chemicals: All chemicals were at least analytical grade. Ultrapure deionized water 

(resistivity  18  M ,  Synergy™  Millipore  water  system,  Millipore  GmbH,  Schwalbach,  

Germany) was used to prepare the solutions. Experiments under anaerobic conditions 

(absence of CO2) were carried out in an argon glove box (Unilab, MBraun, Garching, 

Germany)  with  <  10  ppm  O2 using  boiled  Millipore  water  for  preparing  all  solutions.  All  

background electrolytes (i.e., OPA pore water, 0.1 M NaClO4, CaCl2) and solutions (i.e., 

NaOH and HClO4) were prepared by dissolution of the related p.a. chemicals from different 

commercial sources (Merck, Fluka, Alfa Aeser, Roth and Sigma-Aldrich) in Millipore water.  
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Stock solutions: 

Humic acid: Stock solutions of M42 with 2 g/L were prepared for sorption and speciation 

experiments by weighting of 10 mg of HA, adding 0.4 mL of 0.1 M NaOH, and filling up 

with saturated CaCO3 or OPA pore water to 5 mL. 

 

Calcite solutions: For sorption experiments with Np under different partial pressures of CO2 

(ambient pCO2 = 10-3.5 and pCO2 =  10-2.3 atm), solutions saturated with respect to CaCO3 

(Merck, Germany) at different pH were prepared under aerobic conditions and in a glove box 

(Unilab, MBraun, Garching, Germany) filled with a gas mixture of 99.5% Ar and 0.5% CO2 

(Westfalen AG, Germany). In a first step, the pH of aliquots of Millipore water was adjusted 

by adding appropriate amounts of HClO4 and  NaOH.  To  the  samples  of  pH  > 8.5 under 

aerobic and pH > 7.5 under anaerobic conditions, specified amounts of NaHCO3 and Na2CO3 

calculated with MINTEQ V.2.52 [19] were added to accelerate the equilibration adjustment 

with the surrounding atmosphere. Then, CaCO3 was added to all solutions until saturation was 

reached to ensure calcite equilibrium. All solutions were stirred in open polyethylene (PE) 

tubes up to two weeks until equilibrium indicated by a constant pH was reached. The tubes 

were sealed and stored until utilization. In the batch experiments, only the supernatant 

solution after centrifugation for 10 min at 4.030 g (3K30, Sigma, Germany) was used. 

 
Thorium: A 5 × 10-6 M 232Th stock solution was obtained from solid Th(NO3)4·5H2O (p.a., 

Merck) which was dissolved in 0.1 M HCl to avoid any precipitation of Th by hydrolysis. 
228Th (T1/2 = 1.912 a) was added as tracer (2.5  10-11 M) to the solution.  

 

Uranium: The 238U stock solution was obtained by dissolving solid UO2(NO3)2·6H2O (p.a., 

Merck) in 0.1 M HNO3. The concentration of the stock solution was 1.0 × 10-1 M.  

 

Neptunium: The procedures for preparing the stock solutions of 237Np(V) and 239Np(V) were 

the same as described in detail elsewhere [16]. The oxidation state of 237Np stock solution was 

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 -ray spectroscopy. 

The resulting stock solutions had a pH value of about 1.5 and a concentration of 1 × 10-2 M 
237Np(V)  and  8  ×  10-9 M 239Np(V).  For  the  sorption  experiments,  the  pH  of  the  Np  stock  

solutions was adjusted to 3 - 4 using 5 M NaOH. 
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Plutonium: For the experiments carried out with 239Pu, a 3  10-3 M 239Pu stock solution in 

9 M HCl was used. The Pu solution was evaporated to dryness and the residue was dissolved 

in 10 M HCl (with some drops of conc. HNO3 to oxidize to Pu(VI)). The 239Pu solution was 

purified from its decay products including 241Am using anion exchange chromatography at 

55  °C  (150  mm  ×  4  mm  glass  column  filled  with  Dowex  AG  1-X8  from  Bio-Rad  

Laboratories, Hercules, USA). After a washing step with 8 M HCl, Pu was eluted with 0.5 M 

HCl. The eluate was evaporated to dryness, fumed three times with 1 M HClO4, and dissolved 

in 1 M HClO4. A well characterized 239Pu(VI) stock solution (1.8 mL) was obtained with this 

purification procedure. The trivalent, tetravalent, and pentavalent oxidation states of Pu were 

obtained from the purified Pu(VI) stock solution by potentiostatic electrolysis. The oxidation 

state purity was verified by UV-vis spectroscopy at the characteristic absorption bands at 600 

nm for Pu(III), 470 nm for Pu(IV), 568 nm for Pu(V), and 830 nm for Pu(VI) [20, 21]. 

The concentration of the 239Pu stock solutions was determined by liquid scintillation counting 

(LSC). The resulting stock solutions had a concentration of 6  10-4 M Pu(III), 6  10-4 M 

Pu(IV), 5  10-4 M  Pu(V),  and  3   10-3 M Pu(VI). The same purification procedure was 

applied to obtain 1  10-3 M 242Pu(VI) stock solution, which was used for the preparation of 

OPA thin sections and diffusion samples for µ-XAS, -XRF, and -XRD investigations.     

 

Americium: A  2.5  ×  10-5 M stock solution of 241Am in 0.005 M HCl was prepared by 

diluting a concentrated 241Am solution  (5  ×  10-3 M in  1  M HCl)  with  Millipore  water.  The  

purity of the resulting 241Am stock solution was checked by - and -ray spectroscopy. 

2.2 Analytical techniques 
 

-spectroscopy: The concentrations of 239Pu, 242Pu, and 237Np in solutions were determined 

by -spectroscopy. A silicon surface barrier detector (ORTEC, USA) with an active area of 

450 mm2 and a detector resolution of < 25 keV at 5.5 MeV was used. The detector efficiency 

was about 14%. It was controlled regularly by measuring a standard 241Am source. Special 

sample preparation was required. Therefore, a small volume ~ (10 - 20) µL of the sample was 

deposited on a titanium or tantalum foil and evaporated to dryness. Counting times up to 24 h 

were chosen.  

  

-ray spectroscopy: Concentrations and purity of 237Np, 239Np, 241Am, and 22Na solutions 

were determined by -ray spectroscopy using the -lines at 29.4 and 86.5 keV for 237Np, 103.4 
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and 106.1 keV for 239Np, 59.5 keV for 241Am, and 1274.5 keV for 22Na. All measurements 

were accomplished on a spectroscopic system consisting of a HPGe (GMX-13180-S, EG and 

G  ORTEC,  USA)  coaxial  -ray detector, Canberra Inspector 2000 (model IN2K, Canberra 

Industries, Inc., USA) analyzer, and a PC equipped with Genie 2000 gamma acquisition and 

analysis software (V. 3.0, Apr 05, 2004; Canberra Industries, Inc., USA). The mixed 

radionuclide -ray standard reference solution QCY48 (Solution number: R6/50/38, 

Amersham,  AET  Technology  QSA  GmbH,  Germany)  was  used  for  calibration  of  the  

spectroscopic system. All samples were counted until an error level of about 3% was achieved 

at a confidence level of 2 .  In  the  case  of  237Np, the results were also confirmed by liquid 

scintillation counting 

 

UV-vis spectroscopy: The purity of the oxidation states of 237Np and 239Pu was verified by 

UV-vis absorption spectroscopy using a high-resolution UV-vis spectrometer (Cary 50 Bio, 

Varian,  USA (for  Np)  and  Tidas  100,  J&M Analytik  AG,  Germany (for  Pu)).  The  samples  

were measured in 1.5 mL polymethylmethacrylat semi-microcuvettes (Brand GmbH, 

Wertheim, Germany).  

 

Liquid scintillation counting (LSC): 232Th/228Th, 237Np, 239Pu concentrations were 

determined using LSC (home built scintillation counter) by measuring 1 mL sample in 10 mL 

scintillation cocktail Ultima Gold™ AB (for sorption experiments) or Ultima GOLD XR (for 

diffusion experiments) (PerkinElmer LAS GmbH, Rodgau-Jügesheim, Germany). The samples 

were counted until a 2  error of 2% was attained. The activities of HTO and 22Na+ were 

measured using a Beckman LS6800 liquid scintillation counter (Beckman Coulter, USA).  

 

Inductively coupled plasma - mass spectrometry (ICP-MS): 238U and 232Th concentrations 

in the samples were determined by ICP-MS measurements using an Agilent 7500ce unit 

(Agilent Technologies, Waldbronn, Germany). 

 

Capillary electrophoresis (CE): CE was coupled online to ICP-MS to separate the different 

oxidation states of Pu and Np in various solutions. The coupling of the homemade CE to the 

ICP-MS was performed as described in [22, 23]. Standard LSC vials (20 mL), or for small 

sample volumes, 300 L  PE  vials  were  used  for  the  buffer  and  sample  solutions.  For  

hydrodynamic sample injection, 60 – 100 mbar was applied for 4 – 10 s. A fused-silica 
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capillary with an inner diameter of 50 m (PolyMicro Technologies, Phoenix, AZ) and 60 – 

80 cm length was used. Before use,  the capillary was purged for 5 min at  1 bar with 0.1 M 

HCl, 0.1 M NaOH, and for 10 min at 1 bar with Milli-Q deionized water and the electrolyte 

solution (1 M acetic acid at  pH  2.4). Using a MiraMist CE nebulizer (Burgener Research 

Inc., Mississauga, Canada), a detection limit of 0.5 ppb for Pu [23] and Np has been obtained.  

 

Resonance ionization mass spectrometry (RIMS): For  the  speciation  of  Pu  and  Np  at  

ultratrace level, an experimental setup of offline coupling CE and RIMS was developed and 

optimized [23 - 26]. The RIMS setup consisted of a high repetition rate solid-state laser 

system (three titanium-sapphire lasers pumped by a pulsed Nd:YAG laser (Clark-MXR ORC-

1000 or DM-60, Photonics Industries, Bohemia, NY, USA)) and a reflectron time-of-flight 

(TOF) mass spectrometer. The high selectivity and sensitivity of the CE-RIMS allowed the 

determination of the oxidation as well as the isotope ratios of Pu at ultratrace level, e.g., under 

environmental conditions. The limit of detection of RIMS is about 106 atoms for Pu [24, 25] 

and about 107 atoms for Np [26]. Compared to CE-ICP-MS this method should yield an 

improvement in the detection of at least two orders of magnitude. 

 

pH and Eh measurements: The pH of solutions was measured using a pH meter inoLab or 

Cond pH 720 (WTW GmbH, Weilheim, Germany) equipped with a pH electrode (blue line 16 

pH, Schott, Mainz, Germany) and a temperature sensor (TFK 150, WTW, Weilheim, 

Germany). The pH meters were calibrated with certified commercial (DIN) buffers (pH 4.01, 

6.87, and 9.18 from Schott, Mainz, Germany). The redox electrode (blue line 31 RX, 

reference system: Ag/AgCl, Schott, Germany) was used for Eh measurements. It was checked 

with a standard solution of known redox potential (240 mV, HI 7021 ORP solution, HANNA 

instruments, USA). 

 

Liquid-liquid extraction: Chemical extraction was applied in combination with LSC to 

determine  the  redox  behavior  of  Np  in  aqueous  solutions  after  sorption  experiments.  As  

extracting  agents,  a  solution  of  0.5 M di(2-ethylhexyl) phopshoric acid (HDEHP) (Merck) 

diluted  in  toluene  was  used.  A 0.5 mL portion  of  the  supernatant  was  shaken  together  with  

2 mL 1 M HCl and 2.5 mL 0.5 M HDEHP (in toluene) solutions for 5 min. The phases were 

separated by centrifugation at 4.030 g and 2 mL of each phase were analysed by -ray 

spectroscopy  (Np(V)  in  H2O,  and  Np(IV)  in  organic  solution).  The  oxidation  state  of  Np  
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sorbed on OPA was investigated analogously by shaking the dried clay powder with 2.5 mL 

1 M HCl and 2.5 mL of HDEHP solution for 5 minutes. 

3 Experimental 

3.1 Sorption (batch experiments) 
 

The  sorption  behavior  of  the  actinides  Th,  U,  Np,  Pu,  and  Am  on  OPA  (Mont  Terri)  was  

investigated by batch experiments. The effects of different parameters such as pH, solid-to-

liquid ratio (S/L), nuclide concentration, aerobic/anaerobic conditions, partial pressure of CO2 

(p(CO2), background electrolyte, ionic strength, temperature, and presence/absence HA were 

investigated. An overview of the performed batch experiments is presented in Tab. 3. 

 

Table 3: Overview of the performed batch experiments. 

Actinide Investigated parameters 

Th(IV) pH, S/L ratio, background electrolyte 

U(IV) concentration 

Np(V) 
pH, S/L ratio, concentration, aerobic/anaerobic cond., p(CO2), background 

electrolyte, ionic strength, temperature, presence/absence HA 

Pu(III) S/L ratio  

Pu(IV) pH, S/L ratio, background electrolyte 

Pu(VI) pH, S/L ratio, background electrolyte, temperature, , presence/absence HA 

Am(III) S/L ratio 

 

In most batch experiments, suspensions of well characterized aerobic and anaerobic dry 

powders  of  OPA  (typically  2  -  20  g/L  for  amount  isotherms,  15  g/L  for  concentration  

isotherms and other experiments) were prepared in synthetic pore water at pH 7.6, 0.1 M 

NaClO4 or saturated CaCO3 solution (only for experiments with Np(V)) in closed 10 mL 

polycarbonate (Np batch experiments) or 50 mL polyallomer (Pu batch experiments) 

centrifuge tubes (Beckman Coulter, USA) at room temperature under aerobic and anaerobic 

conditions. Experiments under anaerobic conditions were performed in the absence of CO2 in 
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a glove box (Unilab, MBraun, Garching, Germany) filled with high purity Ar gas (> 99.99%) 

in order to avoid oxidation processes, i.e. Pu(III) to Pu(IV). 

Some Np(V) sorption experiments were also done under anaerobic conditions at high partial 

pressure  of  CO2 (10-2.3 atm). The samples were sealed and preconditioned by shaking in an 

end-over-end rotator (SB 3, Stuart Scientific, UK) for 72 h. After that aliquots of the stock 

nuclide solution of 232Th/228Th  (228Th was added as a tracer), 238U, 237Np/239Np  (239Np was 

used as tracer in the concentration isotherm experiment, and in pH dependence experiments at 

7 × 10-12 M concentration), 239Pu, and 241Am were added individually to the samples and the 

pH was adjusted immediately with HClO4 and NaOH solutions of different concentrations to 

the desired value (  pH = ± 0.05). The total concentrations of actinides were about 8 × 10-9 M 

232Th(IV),  2  ×  10-4 -  1  ×  10-7 M 238U(VI),  5  ×  10-5 -  1  ×  10-11 M 237Np(V)/239Np (for 

concentration isotherm), 8 × 10-6 M 237Np(V) (for amount isotherm, and other experiments), 

7 × 10-12 M 239Np(V), 1 × 10-7 M 239Pu(III), 9 × 10-8 M 239Pu(IV), 1 × 10-7 M 239Pu(VI) and 

9 × 10-9 M 241Am.  The  concentration  of  8  ×  10-6 M  Np  in  0.1  M  NaClO4 is  below  the  

solubility of any solid phase, e.g., NaNpO2CO3(s) [27]. Then, the samples were shaken for at 

least 60 h. During this time, the pH of the solutions was checked twice and was readjusted if 

necessary. Afterwards the solid and liquid phases were separated by centrifugation at 108.800 

g for one hour in a centrifuge Avanti J-30I (Beckman Coulter, USA). The actinides uptake 

was determined by -ray spectroscopy, LSC or ICP-MS of the supernatants.  

Temperature dependent investigations up to 80 °C were carried out using the same procedure, 

except that the samples were placed on a heatable multipoint magnetic stirrer (IKA RT 10 

power IKAMAG, IKA, Staufen, Germany) equipped with a massive aluminum block with 

boreholes for the samples. The block was heated to the desired temperature with a fluctuation 

of  less  than  ±  3  °C.  The  samples  were  stirred  with  stirring  bars  of  5  mm  length  (VWR,  

Germany). Blank samples were run along with all batch experiments. The loss of Np and Pu 

to the walls of the centrifuge tubes was found to be negligible (  1 - 2% of the initial Np conc. 

and max. 5% of the Pu conc.). The oxidation state of Np after the sorption experiments under 

anaerobic conditions was checked via liquid-liquid extraction using HDEHP (Merck, 

Germany) as extracting agent.  

For the LSC measurements of 228Th,  the  supernatants  were  stored  for  more  than  3  months  

until the decay products of 228Th were in equilibrium.  

During the sorption experiments with Np and Pu, the Eh under aerobic conditions was 

approximately equal to + 350 ± 25 mV (SHE). In the case of anaerobic conditions, the Eh was 

equal to - 60 ± 25 mV and - 120 ± 25 mV (SHE) for Np and Pu(III), respectively.  
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The percentage of the actinide sorbed was calculated by using the following equation: 

%100
]An[
]An[

1%Sorption
0

eq                                            (1) 

A convenient representation of sorption data is the sorption coefficient, Kd, which is defined 

by the following equations: 

eq

eq0
d An

AnAn
m
VK                                                                                          (2) 

or  

n
eq]An[

m
x

K                                                                                          (3) 

where [An]eq and [An]0 (mol/L) are the equilibrium and initial concentrations of the sorbate in 

solution, respectively; V is the volume of experimental solution in m3; x (mol) is the amount 

of  sorbate;  m  is  the  mass  of  sorbent  (kg),  and  n  is  a  constant.  For  n  =  1,  K  equals  the  

distribution coefficient Kd (m3/kg). 

3.2 Diffusion 
 

For the diffusion experiments, a cylinder of about 25 mm diameter and 11 mm height was cut 

out from the aerobic OPA bore cores (BAE 25/10 or BLT 14). The orientation of the cylinder 

in the diffusion cell was so that the direction of transport (diffusion) was perpendicular to the 

bedding. The density of the intact and dry OPA samples was between 2402 und 2429 kg/m³. 

All diffusion experiments were carried out in artificial pore water (pH = 7.6) as mobile phase 

under aerobic conditions in presence/absence of HA (M42) at room temperature (20 ± 2 °C) 

[28] and 60 ± 2 °C. For the diffusion experiments, 0.003 M NaN3 was added to the pore water 

to avoid bacterial growth. The diffusion setup and the experimental procedures were the same 

as  those  used  for  the  through-diffusion  experiments  by  Van  Loon  et  al.  [29].  A  schematic  

drawing and a photograph of the experimental setup of the diffusion experiment are shown in 

Fig.  1.  The  set  up  comprises  a  diffusion  cell  (stainless  steel,  RM-Stahlhandel  GmbH,  

Flörsheim am Main, Germany), an 8-channel peristaltic pump (Ismatec, Ecoline VC-

MS/CA8-6,  IDEX  Health  &  Science  GmbH,  Wertheim-Mondfeld,  Germany),  a  250  

mL container and a 25 mL container (Schott Duran, Mainz, Germany). The OPA sample was 

sandwiched between two stainless steel filter plates (stainless steel: 316 L, pore diameter: 10 

m, diameter: 25.4 mm, thickness: 1.57 mm, Ligacon AG, Switzerland) and mounted in a 
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diffusion cell. The large container was filled with 210 mL artificial OPA pore water and the 

small one with 20 mL. The sample was saturated by circulating the OPA pore water solutions 

against both ends of the sample for at least 5 weeks. Subsequently, the solutions were 

replaced by fresh ones and the solution in the large container was spiked with the desired 

tracer. The radiotracers studied in this work were: HTO, 22Na+, 237Np(V), 237Np(V)-HA M42, 

and 242Pu(VI) (used only for spectroscopic investigations).  

 
Figure 1: Schematic drawing (adapted from [29]) and a photograph of the experimental setup 

of the diffusion experiment. 
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Table 4: Overview of the tracers used and their activities. 

Cell 

Nr. 
OPA 

 

(kg/m3) 

Temp. 

(°C) 

[HTO] 

(MBq/L) 

[22Na] 

(MBq/L) 

[237Np(V)] 

(MBq/L) 

[HA] 

(MBq/L) 

1 [28] BAE 25/10 2420 20 1.23 1.00 0.05 - 

2 BLT 14 2412 20 1.30 5.10 0.05 - 

3 BLT 14 2429 20 1.30 5.10 0.05 0.06 

4 BLT 14 2402 60  1.30 5.10 0.05 - 

 

After  the  completion  of  HTO  or  22Na+ through-diffusion experiments, the solutions in both 

containers were replaced by artificial pore water without tracer and out-diffusion was started. 

At given time intervals, the activity in the solutions was measured, and the solutions were 

replaced by fresh ones. The activities of HTO and 22Na+ in the samples were measured by 

LSC. This procedure was repeated until all the activity in the OPA sample had diffused out. 

Once this had been achieved, a new radiotracer, in particular 237Np, 237Np-HA (M42), and 
242Pu(VI) was added to the large container and diffusion of the new tracer was started. In case 

of experiments with HA, HA was added simultaneously with Np to the reservoir.  The high-

concentration reservoir was filled with 210 mL of artificial pore water and spiked with 

50 × 106 Bq/m3 Np (see Tab. 4). The diffusion time was in all cases up to 35 days. During this 

time, the Eh in the high-concentration reservoir was controlled (SHE  + 350 mV) and no 

significant changes were observed. In order to check the evolution of the concentration of 
237Np(V)  as  a  function  of  diffusion  time  in  the  high  concentration  reservoir,  0.5  mL  of  

solution were withdrawn regularly from this reservoir and measured by -ray spectroscopy. 

After  this  time,  the  high  concentration  reservoir  was  exchanged  by  a  smaller  one  (20  mL)  

containing artificial  pore water with 1 -  5 × 109 Bq/m3 22Na+ and the same concentration of 
237Np(V) as in the replaced high-concentration reservoir. The diffusion experiment was 

terminated about one day after adding 22Na+ to  the  reservoir.  The  OPA  sample  was  then  

removed from the diffusion cell and mounted on a sample holder for abrasive peeling with 

P220 abrasive paper (MATADOR Silicon Carbide Paper, waterproof P220 Article-No. 971 C, 

Starck GmbH & Co. KG, Germany). The abrasive peeling technique has been described 

elsewhere [30]. The activities of 237Np and 22Na in the peeled OPA layers were measured by 

-ray spectroscopy.  

For diffusion experiemnts at 60 °C, the diffusion cell was heated in an incubator (INE-200 

heating incubator, Memmert GmbH, Germany) with a temperture fluctuation of less than 

± 2 °C. The experimental data processing of through-, out-, and in-diffusion experiments of 
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HTO, 22Na, and 237Np was performed with a home made computer code and has been 

described in detail elsewhere [7, 28].  

3.3 Speciation  

3.3.1 XAS, µ-XAS, µ-XRF, and µ-XRD  
 

For synchrotron based X-ray absorption spectroscopy (XAS) measurements, the sorption 

samples were centrifuged after a contact time of at least 60 h and the solid and liquid phases 

were separated by centrifugation at 108,000 g for 1 h. Np wet paste samples were prepared 

under air and Ar atmosphere. The samples were put in Perspex sample holders with Kapton 

windows. For measurements of Np and Pu at about 15 K, the solid residues were dried for 3 

days either under aerobic or Ar atmosphere. Then all powders were grinded and loaded into 

special PE XAS sample holders (SH-01c) and heat sealed. Anaerobic XAS samples were 

prepared in a glove box (Ar box > 99.99%). The transport of anaerobic samples was 

performed in an anaerobic transport container (Anaerobic jar, Schuett-biotec GmbH, 

Göttingen, Germany), which was purged with argon, or in a special dewar filled with liquid 

nitrogen (Voyageur 12, AIR LIQUIDE Deutschland GmbH, Germany), where the samples 

were shock frozen until measurement. 

Both Np and Pu LIII-edge absorption spectra (Np: 17630 eV, Pu: 18070 eV) were collected in 

fluorescence mode at the Rossendorf beamline ROBL [31] at the European Synchrotron 

Radiation Facility (ESRF) in France using a 13-element Ge solid-state detector. A Si(111) 

double-crystal monochromator was used for tuning the energy of the incident X-ray beam. 

Yttrium foil was used for calibrating the X-ray energy. The EXAFS analysis was performed 

with the software packages Athena [32] and EXAFSPAK [33]. Backscattering phase and 

amplitude functions required for data fitting were calculated with FEFF 8.20 [34] using 

crystal structures of (UO2)2SiO4 2H2O  [35],  K3NpO2(CO3)2·0,5 H2O [36], NpO2 [37], 

Eu1.3Fe0.7O6.3Ti2.0 [38]. For modeling possible interactions of Np or Pu with Si, Fe, etc., U or 

Eu were replaced in the crystal structures by Np or Pu. The shift in threshold energy, E0, was 

allowed to vary as a global parameter in the fits. 

µ-XAS, µ-XRF, and µ-XRD measurements were performed at the MicroXAS beamline at the 

Swiss Light Source, Paul Scherrer Institut (PSI), Switzerland [39]. For these investigations, 

several OPA samples were prepared by contacting with 237Np(V) or 242Pu(VI) solutions (at 

about pH = 7.6). Three kinds of samples were prepared: (i) Np or Pu solutions were deposited 

directly  by  pipetting  on  the  OPA  thin  sections.  The  solution  was  given  time  to  evaporate  
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completely before the procedure was repeated until the whole amount of solution was placed 

on  the  thin  section,  (ii)  Np  or  Pu  was  sorbed  on  OPA  thin  sections  using  a  sorption  cell  

(homemade) with a contact time of at least three days, (iii) small pieces of OPA were taken 

from  an  in-diffusion  experiment  with  Np(V)  or  Pu(VI),  which  lasted  for  more  than  one  

month. Np and Pu loadings in all OPA thin sections were between 96 and 1389 ng/mm². Thin 

sections were prepared on glass slides from OPA batches (BAE 25/10 for aerobic samples and 

BLT 14 for anaerobic and diffusion samples). The preparation of these samples was 

performed  at  the  Max-Planck-Institut  für  Chemie  in  Mainz.  The  thickness  of  the  clay  was  

approximately 20 to 30 µm, the contacted area was always smaller than 1 cm².      

µ-XRF and µ-XAS measurements of all samples were performed using a Kirkpatrick-Baez 

mirror microfocusing 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. µ-XRF mappings of elements of interest 

(i.e.  Ca, Fe,  Sr,  As,  Np, Pu) were collected at  an excitation energy above the Np or Pu LIII-

edge. Overview maps 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 - 4 

µm2. A Zr foil (17998 eV) was used for energy calibration. As Np has a similar fluorescence 

energy (E(L ) = 13950 eV) compared to Sr (E(K ) = 14160 eV), which is present at amounts 

of  235 ppm in OPA [16], potential hot spots of Np were remapped at an excitation energy of 

17550 eV to exclude Sr interferences. XRF maps were analyzed using a PSI intern MATLAB 

code. Np and Pu hot spots were studied by Np or Pu 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 correction of the spectra were performed with 

the software package Athena [32].  

The XANES spectra were analyzed using a software package for ITFA [40] and reference 

spectra of Np(IV) and Np(V). ITFA allows to determine the relative amount of different Np 

oxidation states in the sample from XANES spectrum.  

The µ-XRD 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 

Area Diffraction Machine [41]. 
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Element maps of two thin sections were obtained with the Jeol JXA 8200 electron microprobe 

of the Max-Planck-Institut für Chemie, Mainz, Germany, which is equipped with one energy 

dispersive (EDX) and five wave length dispersive detectors (WDX). An acceleration voltage 

of 15 kV, a beam current of 30 nA, and a dwell time of 0.2 s were used. In order to get an 

overview, the entire sample was mapped with a beam diameter of 15 µm and a step size of 

20  µm.  Mg,  Al,  Ca,  Si,  and  Fe  were  measured  with  WDX  spectrometers,  Ti  with  an  EDX  

spectrometer and, in addition, the BSE (back-scattered electrons) image was recorded.  

Areas of particular interest were mapped with a beam diameter of 2 µm and step sizes of 2.5 

or 1.5 µm. Al, Na, Ca, Si, and Fe were measured with WDX spectrometers, Ti, Mg, K with an 

EDS spectrometer and, in addition, the BSE image was recorded. 

3.3.2 CE-ICP-MS 
 
The redox behavior of individual Pu oxidation states (i.e. Pu(III) and Pu(IV)) in OPA pore 

water (pH = 7.6), HNO3 (pH = 0.9), and NaClO4 (pH = 7.6) was investigated under aerobic 

and anaerobic conditions using CE-ICP-MS. In all experiments Pu(III) and Pu(IV) were 

freshly prepared from a Pu(VI) stock solution by potentiostatic electrolysis and checked by 

UV-vis spectroscopy. Then, a defined amount of Pu(III) or Pu(IV) from the stock solution 

was added to the corresponding solutions. The pH/Eh values were measured directly after 

addition and checked again after 5 - 7 days. The Pu concentration in all samples was about 30 

- 50 ppb or ~ 1 - 2 × 10-7 mol/L. The speciation of Pu was analyzed by CE-ICP-MS after 60 

min, 80 min, and 7 days. 

3.3.3 CE-RIMS 
 

The  principle  of  the  off-line  coupling  CE to  ICP-MS is  based  on  collecting  fractions  of  the  

different oxidation states of Pu eluted from the capillary at different retention times. From 

each fraction, a separate filament is prepared and studied by RIMS on its Pu content. In a first 

validation of the method, it was possible to determine successfully the oxidation state 

composition of a known Pu mixture (6 × 109 atoms) [42]. In this work, the development and 

optimization of CE coupled to RIMS for the speciation of Pu at ultratrace level was performed 

and successfully applied to sorption samples from batch experiments of Pu(III) and Pu(IV) on 

OPA. The memory effect of Pu(IV) sorbed on the capillary inner surface was also shown by 

this method. The Pu detection limit by CE-RIMS was about 106 atoms [23]. For the detection 

of ultratrace amounts of Np by RIMS, extensive spectroscopic investigations have been 

carried out. Five excitation/ionization schemes involving autoionizing states for efficient and 
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selective resonant excitation and ionization were identified, which can be used for RIMS 

measurements of Np. An overall efficiency of 0.3% was determined with a synthetic sample 

of a known number of 237Np atoms [26].   

4 Results and discussion  

4.1 Batch experiments 

4.1.1 Batch experiments with Np(V) [16] 
 

The sorption behavior of Np(V) on OPA was investigated in batch experiments by varying 

different parameter such as pH (6 - 10), Np(V) concentration (10-12 - 10 4 M), solid to-liquid 

ratio  (S/L  =  2  -  20  g/L),  partial  pressure  of  CO2 (10 3.5 and 10 2.3 atm),  temperature  (20  -  

80 °C) in the absence and presence of HA under aerobic and anaerobic conditions in saturated 

calcite  solution  and  using  synthetic  OPA  pore  water  (pH  7.6,  I  =  0.4  M),  NaClO4, NaCl, 

CaCl2,  and  MgCl2 as background electrolytes. All batch experiments were carried out with 

well characterized aerobic (BHE 24/1) and anaerobic (BDR 2) dry powders of OPA (see also 

Tab. 1).  

4.1.2 Sorption isotherms  
 

The sorption isotherms were measured with saturated calcite solutions as background 

electrolyte to avoid partial dissolution of the calcite contained in OPA. Following the 

procedure described above (Sect. 3.1), two sorption isotherms under aerobic conditions using 

aerobic OPA powder (BHE 24/1) were measured at pH 8.2 by varying the S/L ratio between 2 

-  20  g/L (at [Np(V)]  =  8  ×  10-6 M) and the Np(V) concentration between 10-12 and 10-4 M 

using 237Np and 239Np  as  tracer  (at  S/L  ratio  =  15  g/L), respectively. At picomolar 

concentration, only 239Np was used. The percentage of sorbed Np(V) and the distribution 

coefficient (Kd)  were  calculated  by  using  eqs.  1  and  2.  Table  5  shows  the  distribution  

coefficient Kd (m3/kg)  for  the  sorption  of  8  ×  10-6 M Np(V) on aerobic OPA in saturated 

calcite at pH 8.2 under aerobic conditions as a function of the S/L ratio.  
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Table 5: Kd values for the sorption of 8 × 10-6 M Np(V) on OPA (BHE 24/1) as a function of 

the S/L ratio at pH = 8.2 under calcite saturation and aerobic conditions. 

S/L / g/L Kd / m3/kg 

2 0.141 ± 0.029 

4 0.120 ± 0.017 

6 0.135 ± 0.012 

8 0.120 ± 0.011 

10 0.123 ± 0.008 

15 0.120 ± 0.008 

20 0.123 ± 0.008 

 

As shown in Tab. 5, the Kd is  not  influenced  by  the  S/L  ratio  under  these  experimental  

conditions; the mean value of Kd equals 0.126 ± 0.013 m3/kg. A constant Kd for this Np(V) 

concentration  and  range  of  S/L  ratio  was  reported  also  for  the  sorption  of  Np(V)  on  other  

minerals [43, 44].  

In the second batch series, the sorption of Np on OPA was measured at pH 8.2 under aerobic 

conditions by varying the Np(V) concentration between 10-12 and 10-4 M and using 239Np as 

tracer. The S/L ratio of this series was 15 g/L corresponding to  65% sorption. The result is 

shown in Fig. 2, where the data of Tab. 5 are included as well.  
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Figure 2: Sorption of Np(V) on OPA (BHE 24/1) as a function of Np(V) concentration and 

S/L ratio at pH = 8.2 under calcite saturation and aerobic conditions. For all points 

the error bars (calculated from the 1  error of the measured activity) are smaller 

than the symbols (smaller than 0.1 log units). 

 

The  sorption  isotherm (Fig.  2)  can  be  described  by  the  Freundlich  type  formalism given  by  

eq. 3 [45]. The isotherm in Fig. 2 can be divided into two parts. The linear part below 10-8 M 

provides a slope of 1.00  ±  0.01 (dotted line). In this concentration range, sorption remains 

constant with a related Kd value of 1.445 ± 0.033 m3/kg. The data between 10-8 and 10-4 

mol/L show a  slope  of  0.69 ±  0.04 (solid line), reflecting a non-linear sorption behavior of 

Np(V)  on  OPA.  The  decrease  in  the  relative  amount  of  Np  sorbed  with  increasing  Np  

concentration may be explained by different affinities of the sorption sites for Np(V) due to 

different sorption characteristics of the various minerals contained in OPA. Apparently 

enough sorption sites with a high affinity are available at concentrations below 10-9 M Np(V) 

and the system is far away from site saturation. At higher Np concentrations, the high affinity 

sites are already occupied and low-affinity sites are accessed resulting in a weaker sorption of 

Np(V).  
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A similar isotherm measurement at a lower pH of 7.6 in synthetic OPA pore water did not 

show such a behavior [46]. In this case, sorption of 10-5 - 10-11 M Np(V) on OPA was lower 

by up to two orders of magnitude. On one hand, lower sorption can be explained by the lower 

pH value as Np(V) sorption decreases with decreasing pH (see next Sect.). On the other hand, 

the Ca2+ concentration in OPA pore water (see Tab. 2) exceeds the corresponding 

concentration in saturated calcite solution at pH = 8.2 by two orders of magnitude (as 

calculated with Visual MINTEQ V. 2.52 [19]).  The ionic strength of pore water is   0.4 M 

compared to < 0.01 M in saturated calcite solution. Probably, the deviations in pH, electrolyte 

composition, and ionic strength are the reasons for the different sorption behaviors. 

4.1.3 Influence of pH and pCO2  
 

Neptunium 

 

For  sorption  experiments  at  different  pH  (pH  6  -  10)  and  pCO2 (10-3.5 and 10-2.3 atm), 

saturated calcite solutions as background electrolyte were used. Batch experiments were 

performed under aerobic conditions (aerobic OPA powder (BHE 24/1)) and anaerobic 

conditions (anaerobic OPA powder (BDR 2), Ar glove box, pCO2 = 10-2.3 atm) using a S/L 

ratio  of  15  g/L.  Fig.  3  shows  the  sorption  of  Np(V)  on  OPA  at  initial  concentrations  of  

7 × 10-12 and 8 × 10-6 M under aerobic and anaerobic conditions. At both concentrations under 

aerobic conditions, the sorption edge occurs between pH 7.0 - 7.5. In the absence of oxygen 

under a higher partial pressure of CO2 (10-2.3 atm), which has been estimated for the OPA host 

rock formation [47], the sorption edge and sorption maximum are shifted to lower pH due to 

higher carbonate concentrations resulting from the increased pCO2, which has a significant 

influence on Np(V) speciation (see Fig. 4). The sorption maximum under aerobic conditions 

is between pH 8 - 9. In the case of the micromolar Np(V) concentration, maximum sorption is 

reached at pH 8.9 with 66% Np(V) sorbed. The curve with picomolar Np concentration 

exhibits maximum sorption at pH 8.3 with 95% Np(V) sorbed. In both cases, sorption 

decreases at pH > 9.5 due to the complexation of Np with carbonate in aqueous solution (see 

Fig.  4).  The  Kd for  a  Np(V)  equilibrium  concentration  of  3×10-13 M  at  pH  8.3  amounts  to  

1.343 ± 0.105 m3/kg and exceeds the corresponding value for [Np]eq = 3 × 10-6 M (Kd = 0.110 

± 0.008 m3/kg) by one order of magnitude. 
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Figure 3: Sorption of 8 × 10-6 and 7 × 10-12 M Np(V) on 15 g/L OPA as a function of pH in 

saturated calcite solution under aerobic and anaerobic (pCO2 10-2.3 atm) conditions.  
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Figure 4: Np(V) speciation in aqueous solution under calcite saturation condition as a 

function  of  pH for  8  ×  10-6 M Np(V)  and  pCO2 equal to 10-3.5 atm (solid lines) 

and 10-2.3 atm (dotted lines); species present at a level less than 1% are not shown. 

The distribution of Np(V) complexes was calculated with the geochemical 

equilibrium  speciation  software  Visual  MINTEQ  V.  2.52  [19].  The  

thermodynamic data contained in the database of MINTEQ are those given in [10] 

and the NIST (National Institute of Standards and Technology, USA) database 

46.6. 

 

Under anaerobic conditions, the percentage of Np(V) sorbed is almost constant between pH 

7.5 - 9 with maximum sorption occurring at pH 8.4 for 8 × 10-6 M Np(V) (80% sorbed) and 

pH 7.6 – 8.6 for 7 × 10-12 M Np(V) (90% sorbed), respectively. There is no sorption of Np(V) 

at pH > 9.25 at both Np concentrations due to the formation of negatively charged Np-

carbonate species, which are predicted from speciation calculations (see Fig. 4). The 

maximum Kd value at micromolar Np(V) concentration (0.252 m3/kg at pH 8.4, Fig. 5) 

exceeds the corresponding value under aerobic conditions by a factor of 2. At lower Np 

concentration, the highest Kd of 0.660 m3/kg  occurs  at  pH  7.6.  The  stronger  sorption  of  

8 × 10-6 M Np(V) in the absence of oxygen was found to be caused by a partial reduction of 
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Np(V) to Np(IV) as determined by liquid-liquid extraction using HDEHP as extracting agent. 

This result is supported by Eh measurements in the near neutral pH range, indicating a lower 

redox potential of  100 mV under anaerobic conditions compared to  400 mV (SHE) under 

aerobic conditions. The decrease in the redox potential might be caused by the dissolution of 

iron(II) containing minerals (pyrite and siderite), which make up 4.1% of  OPA.  Due  to  the  

lower solubility of Np(IV) compared to Np(V) [10], a precipitation of Np(IV) in this pH range 

can not be excluded. It has also to be taken into account that aerobic and anaerobic OPA 

samples are from different bore cores. Therefore, differences in the sorption behavior may be 

related to minor differences in the mineralogy and specific surface areas of the two OPA 

samples. 
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Figure 5: Sorption of 8 × 10-6 M Np(V) on 15 g/L OPA as a function of pH under aerobic and 

anaerobic (pCO2 10-2.3 atm) conditions in saturated calcite solution.  

 

Plutonium 

 

The sorption of Pu(IV) and Pu(VI) on OPA (BHE 24/1) has been studied by batch 

experiments  as  a  function  of  pH  in  0.1  M  NaClO4 solution. A similar experiment was 

conducted with Th(IV) as an oxidation state analogue. Experiments were performed with a 

S/L  ratio  of  1  g/L  (Pu(IV)  and  Th(IV)),  and  2  g/L  (Pu(VI))  in  the  pH  range  1  -  8  with  
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concentrations of 4 × 10-7 M for Pu(IV) and Th(IV) and 1 × 10-7 M for Pu(VI). The obtained 

results are shown in Fig. 6. The sorption of Pu(IV) and Pu(VI) as well as of Th(IV) on OPA is 

strongly influenced by the pH. The sorption increases with increasing pH up to pH 4 (for 

Pu(IV) and Th(IV) and to pH 6 (for Pu(VI)). For Pu(IV) and Th(IV), a similar sorption 

behavior was found as a function of pH. The sorption edges of Pu(IV) and Th(IV) are both at 

about pH 1.5 with maximum sorption of 99% between pH 4 and 8. The sorption edge of 

Pu(VI) is shifted to a higher pH value (pH = 2.5) with maximum sorption of 99% between pH 

6 and 8. In case of Pu(VI) a partial reduction to Pu(IV) can not be excluded. Due to the strong 

sorption of Pu(IV) and Pu(VI) on OPA in the natural pH range (7 – 9), this would lead to an 

enhanced immobilization and retardation of the aqueous plutonium. A similar behavior was 

found for Pu(IV) and Th(IV) sorption on kaolinite [48].    
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Figure 6: Sorption of Pu(IV), Pu(VI), and Th(IV) on OPA in 0.1 M NaClO4 as a function of 

pH at S/L ratio of 1 g/L for Pu(IV) and Th(IV)), and 2 g/L for Pu(VI) under 

aerobic conditions.  
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4.1.4 Influence of humic acid (HA) 
 

Neptunium 
 

14C labelled  synthetic  HA (M42)  [18]  was  used  at  a  concentration  of  10  mg/L to  study  the  

influence  of  HA  on  the  sorption  of  Np(V)  onto  OPA  as  a  function  of  pH  under  the  same  

experimental conditions as in the Chapter 4.1.3. The preparation of the samples was 

carried out analogously to the other batch experiments. HA was added instantly after addition 

of 237Np(V) or 239Np(V).  

Figures 7 and 8 show the sorption of 7 × 10-12 M and 8 × 10-6 M Np(V) on OPA under aerobic 

and anaerobic (pCO2 10-2.3 atm) conditions in the presence of HA, respectively. For 

comparison, data for Np uptake in the absence of HA are also shown. 
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Figure 7: Sorption  of  8  ×  10-6 M and 7 × 10-12 M  Np(V)  on  15  g/L  OPA  in  the  

presence/absence of HA as a function of pH under aerobic conditions in saturated 

calcite solution. 
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Figure 8: Sorption of 8 × 10-6 and 7 × 10-12 M Np(V) on 15 g/L OPA in the presence/absence 

of HA as a function of pH under anaerobic conditions (pCO2 10-2.3 atm) in saturated 

calcite solution. 

 

At 8 × 10-6 M Np(V) and p(CO2) = 10-3.5 atm, the presence of HA reduces slightly the amount 

of Np sorbed on OPA in the pH range of 8 – 10, probably due to formation of Np humate or 

ternary Np humate-carbonate complexes [27, 49]. This effect of HA is less pronounced at 

7 × 10-12 M Np(V). 

 

Plutonium 

 

The Pu(IV) sorption onto OPA (BHE 24/1) was also investigated in the presence and absence 

of  HA  under  aerobic  conditions  in  OPA  pore  water  (pH  =  7.6).  Analogous  to  Np  batch  

experiments with HA, 14C (M42) was used at a concentration of 10 mg/L. Pu(IV) sorption 

isotherms were measured as a function of the S/L ratio between 2 - 20 g/L at constant Pu(IV) 

concentration of  1 × 10-7 M. After preconditioning the batch samples, aliquots of 239Pu(IV) 

and HA stock solution were added and mixed at same time with the suspensions. After 62 h 

contact time, the solid and liquid phases were separated by centrifugation. Then aliquots of 
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the  suspensions  were  taken  and  analyzed  by  LSC.  The  influence  of  HA  on  the  sorption  of  

Pu(IV) on OPA is shown in Tab. 6.  

 

Table 6: Kd values for the sorption of Pu(IV) on OPA in absence / presence (10 mg/L) of HA 

under aerobic conditions as a function of S/L ratio in OPA pore water at pH = 7.6. 

Kd / m3/kg 
S /L / g/L 

With HA Without HA 

2 4.64 ± 0.35 70.50 ± 4.88 

4 6.49 ± 0.47 122.46 ± 8.64 

6 8.88 ± 0.63 125.71 ± 9.00 

8 10.94 ± 0.78 40.56 ± 2.84 

10 13.07 ± 0.93 97.48 ± 6.99 

15 30.18 ± 2.14 78.69 ± 5.52 

20 14.56 ± 1.03 47.97 ± 3.38 

 

HA significantly affects the sorption of Pu(IV) on OPA in pore water at pH 7.6 and reduces 

the averaged Kd value from 83.3  33.7 m3/kg in the absence of HA to 12.7  8.5 m3/kg in the 

presence of HA. This effect is probably due to the formation of Pu humate complexes, since 

tetravalent actinides form strong complexes with HA [49]. Pu(IV) is significantly mobilized 

in the presence of HA under these experimental conditions. Our results are in good agreement 

with sorption data reported for Pu(III/IV) on kaolinite in the presence of HA compared to the 

HA-free system [48, 50].    

4.1.5 Influence of temperature [51, 52] 
 

Neptunium 

 

The German concept for nuclear waste disposal proceeds on the assumption that the 

temperature at the contact surface of the containers with the host mineral will stay below 

100 °C [53]. This increase in temperature might change the physical properties of the host 

rock formation and influence the sorption and migration of the radionuclides. Therefore, the 

effect of temperature has to be taken into account. Until now, the effect of temperature on 

radionuclide sorption, especially on clay minerals has not been investigated in much extent 

and only few studies have been reported on Np and Pu sorption up to 80 °C [54, 55]. More 

information is available for the sorption of non-radioactive heavy metals or lanthanides (Ni2+, 
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Cs+, Cd2+, Co2+, and Eu3+) onto several clay minerals such as smectite, montmorillonite, and 

kaolinite  [56  -  59].  Therefore,  the  sorption  of  micromolar  Np(V)  on  OPA  (BHE  24/1)  at  

temperatures up to 80 °C in synthetic OPA pore water (pH = 7.6, I = 0.4) under aerobic 

conditions was studied and the results were compared with our data at room temperature [28]. 

Figure 9 shows the percentage of Np(V) sorbed on OPA in dependence of S/L ratio and 

temperature compared to the results at 20 °C [28].  
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Figure 9: Sorption of 8 × 10-6 M Np(V) on OPA (BHE 24/1) as a function of S/L ratio and 

temperature in OPA pore water under aerobic conditions. 

 

The sorption of Np does not change as temperature is raised from room temperature to 40 °C. 

Between 40 and 80 °C, sorption increases continuously with increasing temperature. At 80 °C 

an average Kd value of 0.678 ± 0.254 m3/kg is reached which exceeds the corresponding value 

at room temperature by a factor > 27. The average Kd values for different temperatures are 

summarized in Tab. 7.  
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Table 7: Averaged Kd values for the sorption of Np(V) on OPA (S/L = 2 -  20 g/L) in OPA 

pore water in dependence of temperature under aerobic conditions. 

Temperature / °C pH [Np]0 / mol/L Kd / m3/kg 

     20 [28] 7.6 8 × 10-6 0.025 ± 0.005 

40 7.6 1 × 10-5 0.023 ± 0.004 

60 7.5 8 × 10-6 0.056 ± 0.005 

70 7.5 1 × 10-5 0.235 ± 0.072 

80 7.5 8 × 10-6 0.678 ± 0.254 

preconditioned at 60 °C 

sorption at 20 °C 
7.5 8 × 10-6 0.028 ± 0.009 

 

To exclude the possibility that a change of the surface structure of OPA due to higher 

temperature causes the observed increase in Np(V) sorption, one batch series was performed 

in  which  the  preconditioning  of  OPA  was  carried  out  at  60  °C.  After  cooling  of  the  

suspension to room temperature, the Kd values were determined as described before. As can 

be seen from Tab. 7, the preconditioning of the clay suspension at elevated temperature had 

no effect on the neptunium sorption on OPA. Within experimental uncertainties, the Kd values 

are identical. Higher sorption at elevated temperature might be caused by an increase of the 

negative charge on the clay surface as it was reported for other clay minerals, e.g., kaolinite 

[60]. For rutile it was also reported that the point of zero net proton charge (pHznpc) is shifted 

by 0.7 units to lower pH values as temperature increases from 25 to 100 °C; for pH values 

above the pHznpc, the negative surface charge also increased with increasing temperature [61]. 

During the experiment, we observed that the heating of the clay suspension was followed by a 

decrease in pH (at  80 °C with 20 g/L OPA the pH decreased from 7.6 to 7.0).  This effect  is  

possibly the result of a stronger deprotonation of the surface and therefore supports the 

assumption of an increase in the negative surface charge. 

Our results indicate that Np(V) sorption on OPA is an endothermic reaction. This trend is in 

good agreement with studies of Runde et al. [55], who investigated Np(V) sorption on 

hematite, montmorillonite, and silica. For all minerals, neptunium sorption increased when 

temperature was raised up to 80 °C.  

By using the Van’t Hoff equation (4), the apparent sorption enthalpy of Np(V) on OPA can be 

calculated: 
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where rHApp is the apparent reaction enthalpy in kJ/mol, rSApp the apparent entropy in 

J/K mol, T the absolute temperature in Kelvin and R the universal gas constant. By 

performing an Arrhenius plot (log(Kd) vs. 1/T) between 40 and 80 °C as shown in Fig. 10, an 

apparent sorption enthalpy of 77.3 ± 15.8 kJ/mol was derived for the sorption of Np(V) on 

OPA. This value lies in the same order of magnitude as those reported for the sorption of Ni2+ 

(33 ± 10 kJ/mol) and Eu3+ (39 ± 10 kJ/mol) on montmorillonite at pH = 7.0 ± 0.5 [57, 58] or 

Co2+ (27 -  42 kJ/mol) and Cd2+ (26 - 40 kJ/mol) on kaolinite at pH 7.0 and 7.5, respectively 

[59]. 
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Figure 10: Arrhenius plot for the sorption of Np(V) on OPA in OPA pore water at pH = 7.6 

under aerobic conditions using the average Kd values shown in Table 7. 

 

Plutonium 

 

Analogous to Np, the influence of temperature on the sorption of Pu(VI) on OPA (BHE 24/1) 

was investigated. Sorption isotherms at room temperature  (20 °C) and 60 °C were carried out 

with a Pu(VI) concentration of about 1 × 10-7 M as a function of S/L ratio (2 - 20 g/L) under 

aerobic conditions using OPA pore water (pH = 7.6) as a background elektrolyte. Table 8 

presents the obtained Kd values  at  both  temperatures  as  a  function  of  the  S/L  ratio.  The  
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sorption of Pu(VI) increases with increasing temperature. The Kd value at 60 °C is about 6 

times higher than at 20 °C (12.5 ± 3.3 m3/kg). This result is in good agreement with the data 

for Np(V) sorption on OPA and indicates that Pu(VI) sorption on OPA is an endothermic 

reaction, which would have a positive implication for the nuclear waste disposal in OPA.   

 

Table 8: Kd values for the sorption of Pu(VI) on OPA at room temperature (20 °C) and 60 °C 

under aerobic conditions as a function of S/L ratio in OPA pore water at pH 7.6. 

Kd / m3/kg 
S/L / g/L 

20 °C 60 °C 

2 11.28 ± 0.87 94.20 ± 6.81 

4 7.83 ± 0.60 96.02 ± 6.92 

6 10.62 ± 0.79 96.98 ± 4.93 

8 11.26 ± 0.85 65.09 ± 4.70 

10 13.26 ± 0.97 60.48 ± 4.21 

15 15.69 ± 1.21 52.73 ± 3.78 

20 17.7 ± 0.87 72.95 ± 4.96 

 

A  partial  reduction  of  Pu(VI)  to  Pu(IV)  under  these  experimental  conditions  can  not  be  

excluded. 

4.1.6 Influence of ionic strength and background electrolyte [51, 52] 
 

Since pore water consists of several constituents (mainly NaCl, CaCl2,  and  MgCl2), the 

influence  of  ionic  strength  at  both  0.1  M  and  0.4  M  NaClO4, NaCl, MgCl2, and CaCl2 

electrolytes on the sorption of 8 × 10-6 M Np(V) onto OPA was studied in individual batch 

experiments at room temperature and pH 7.6.  

Figure 11 shows the log(Kd) values for different background electrolytes as a function of S/L 

ratio. In all cases, Np(V) sorption does not depend on the amount of OPA, which is in good 

agreement with results mentioned above [16] and studies reported elsewhere [43].  
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Figure 11: Log Kd values of the sorption of ~ 8 × 10-6 M Np(V) on OPA as a function of S/L 

ratio and background electrolyte at pH   7.6 under aerobic conditions at room 

temperature. For clarity error bars (typically between 0.1 and 0.4 log units) are 

omitted.  

 

In Fig. 11, two groups of log(Kd) can be distinguished. Background electrolytes containing 

Na+ gave log(Kd)  values  above  -  1.0,  while  electrolyte  solutions  with  divalent  cations  have  

log(Kd) values around - 1.5. The values reported for synthetic OPA pore water [28] lie in the 

same range as for the CaCl2 and MgCl2 electrolytes, independent from ionic strength (0.1 or 

0.4 M). Small differences in Kd might be explained by the slightly different pH values.  The 

average Kd values and the corresponding standard deviations (1 ) are presented in Tab. 9. 

Furthermore, in NaClO4 solution, a weak, but pronounced dependence of Np(V) sorption on 

ionic strength was noticed. The Kd for sorption of Np(V) in NaClO4 solution increased by a 

factor of two from 0.133 ± 0.009 m3/kg to 0.231 ± 0.013 m3/kg with increasing ionic strength 

from 0.1 to 0.4 M. In case of kaolinite, the sorption of Np(V) increased by  10% in the near 

neutral pH range when the ionic strength increased from 0.01 to 0.1 M NaClO4 [43, 49].  
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Table 9: Averaged Kd values  for  the  sorption  of  Np(V)  on  OPA  (S/L  =  2  -  20  g/L)  as  a  

function of different background electrolytes and ionic strength under aerobic 

conditions at room temperature. 

Electrolyte Ionic strength / M Kd / m3/kg pH [Np]0 / mol/L 

0.1 0.133 ± 0.009 7.8 1 × 10-5 
NaClO4 

0.4 0.231 ± 0.013 7.7 1 × 10-5 

0.1 0.214 ± 0.012 7.8 9 × 10-6 
NaCl 

0.4 0.224 ± 0.017 7.8 9 × 10-6 

0.1 0.045 ± 0.008 7.4 8 × 10-6 
CaCl2 

0.4 0.034 ± 0.003 7.2 8 × 10-6 

0.1 0.054 ± 0.006 7.8 9 × 10-6 
MgCl2 

0.4 0.037 ± 0.008 7.7 9 × 10-6 

Synthetic OPA pore water[28] 0.4 0.025 ± 0.005 7.6 8 × 10-6 

 

From speciation calculations using Visual MINTEQ V. 2.52 [19], differences in neptunium 

speciation in investigated background electrolytes at different ionic strength can be excluded 

as reason for these different Kd values.  

4.1.7 Sorption isotherms of Th, U, Np, Pu, and Am in OPA pore water  
 

The migration behavior of actinides in OPA pore water at environmentally-relevant 

conditions is essential for repository safeguarding, especially because only few sorption 

studies concerning the actinide sorption on OPA have been published [28, 15].  

In  this  work,  the  distribution  coffecients  (Kd values) were determined by batch experiments 

for Th(IV), U(VI), Np(V), Pu(III, IV, VI), and Am(III)) on OPA (BHE 241) using pore water 

(pH = 7.6) as background electrolyte under aerobic conditions (except for Pu(III) under Ar 

atmosphere) as a function of S/L ratio (2 - 20 g/L) and actinide concentration (only U(VI) and 

Np(V), see Fig. 12) at constant S/L of 15 g/L. Batch experiments were performed as described 

in Sect. 3.1. Results from batch sorption experiments (sorption isotherms) are expressed 

through the Kd values. When n = 1 in eq. 3, K = (x/m) / [An]n
eq = Kd, which is the slope of the 

isotherm at the origin. In case of the Freundlich isotherm [45], the constants K and n can be 

determined from a linear fit of eq. (5) to the experimental data.    

 

eq]Anlog[nKlog
m
xlog                                     (5) 
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The intercept of the line then equals log Kd and the slope is n.  
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Figure 12: Freundlich  isotherm  of  Np(V)  sorption  on  OPA  as  a  function  of  Np(V)  

concentration  at  S/L  ratio  15  g/L  in  OPA pore  water  (pH = 7.6) under aerobic 

conditions.  

 

The slope of the fit  line is  n = 1.01 (  0.01), the intercept is log Kd = 1.65 (  0.09) and the 

related Kd value is equal to 0.04  0.01  m3/kg. The obtained Kd value  agrees  well  with  the  

previously determined Kd value (0.025 ± 0.005 m3/kg) for Np sorption in dependence of S/L 

(2 - 20 g/L) [28]. 

In the same way, the sorption of U(VI) on OPA in pore water was investigated by varying the 

U(VI) concentration between 1.6 × 10-4 -  1.3 × 10-7 M at constant S/L ratio of 15 g/L under 

aerobic conditions. The results show a linear sorption behavior (Frendlich isotherm) resulting 

in a Kd value of 0.05   0.01 m3/kg. By using eq. 2, an average Kd value of 0.03 ± 0.01 m3/kg 

was determined, which agrees well with data from Joseph et al. [15] (Kd = 0.02 ± 0.01 m3/kg). 

Since experimental Kd values  for  Pu  sorption  on  OPA are  missing  and  estimated  Kd values 

were derived from chemical analogous (Th(IV) and Am(III) [62]), we measured  the Kd 

values of Pu(III, IV, VI) and its analogous Th(IV), Am(III) as well as for Np(V) and U(VI) 

for the first time under identical experimental conditions in pore water at pH 7.6. Figure 13 
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shows the sorption isotherms of Th, Np, Pu, and Am in pore water at pH 7.6 by varriation of 

the S/L ratio between 2 - 20 g/L.  
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Figure 13: Log Kd values for the sorption of Th(IV), Pu(III, IV, VI), Np(V) and Am(III) on 

OPA in pore water (pH = 7.6) as function of S/L ratio (2 - 20 g/L) (uncertainty in 

log Kd values is < ± 0.4 log units).  

 

Linear sorption behavior under these experimental conditions was observed in all cases. The 

sorption data of Np(V), Pu(III), Am(III) can also be fitted by using the Freundlich isotherm 

(not shown). The average Kd values of all studied actinides obtained from sorption isotherms 

in comparison to published data [62] are summarized in Tab. 10.   
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Table 10: Averaged Kd values  for  the  sorption  of  actinides  on  OPA  in  OPA  pore  water           

(pH = 7.6). 

Kd / m
3/kg 

This work Ref. [62] Actinide 
S/L ratio 

g/L 

[actinide] 

mol/L pH = 7.8 pH = 7.2 pH = 7.6 

Am(III) 2 - 20 8.6 × 10
-9

 29.8  1.8 17.0 63.0 

Pu(III) 2 - 20 1.1 × 10
-7

 158.7  37.1 22.6 75.2 

Th(IV) 2 - 20 8.0 × 10
-9

 29.0  15.6 55.4 55.4 

Pu(IV) 2 - 20 8.8 × 10-8 83.3  33.7 - - 

2 - 20 8.0 × 10-6 

Np(V) 
15 

5.0 × 10-5 - 

1.0 × 10-11 

0.03  0.01 - - 

U(VI) 15 
1.6 × 10-4 - 

1.3 × 10-7 0.03  0.01 - - 

Pu(VI) 2 - 20 9.8 × 10
-8

 12.5  3.3 - - 

 
 
As can be seen from Tab. 10, the measured Kd values depend on the oxidation state of the 

actinide element. Kd values for the tri-  and tetravalent actinides are in the range of 30 -  159 

m3/kg, indicating strong sorption on OPA in pore water at pH 7.6. The measured Kd values for 

Th(IV), Pu(III/IV) and Am(III) are in the same order of magnitude with the corresponding  Kd 

values from literature [62]. The Kd value of Pu(VI) is lower than those for Th(IV), Pu(III, IV), 

and Am(III), but it is about three orders of magnitude higher than the Kd values of U(VI) and 

Np(V). This is probably due to a partial reduction of Pu(VI) to Pu(IV) during the batch 

experiments,  which  causes  the  higher  sorption  on  OPA  (confirmed  by  EXAFS).  U(VI)  and  

Np(V) are weakly sorbed on OPA with Kd values of 0.03  0.01 m3/kg. As a conclusion, tri- 

and tetravalent actinides will be immobilized in the host rock OPA in comparison to penta- 

und hexavalent actinides, which will be more mobile.  

4.2 Diffusion experiments 
 

Because OPA has a very low hydraulic conductivity, diffusion is considered to be the main 

process responsible for the transport of radionuclides released from a repository [7]. Due to 

little diffusion data available for actinides, the main objective of our investigation was to 

study the diffusion of Np(V) as a function of temperature in the presence/absence of HA by 
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using OPA pore water (pH = 7.6) as a mobile phase to determine diffusion parameters needed 

for transport modeling. 

The distribution coefficient Kd, as one of the most important parameters to evaluate the 

migration behavior of radionuclides in argillaceous rocks, can be also obtained by diffusion 

experiments [7, 28]. Diffusion experiments may be a more representative method to simulate 

the migration behavior of radionuclides transported from the nuclear repository into the 

environment, but they take a longer time and are more complicated to perform compared to 

batch experiments. During diffusion experiments, it is also difficult to change and control 

physicochemical  parameters  such  as  pH,  Eh,  etc.  of  the  contact  solutions.  Due  to  many  

problems in diffusion experiments, only few studies showed a good agreement between Kd 

values obtained by batch experiments and diffusion measurements [63 - 69]. One of the goals 

was to compare Kd values from batch experiments on suspended material with the values 

derived from in-diffusion experiments. To make this comparison as close as possible, several 

chemical parameter were identical during both the batch and diffusion experiments, i.e., 

Np(V) concentration (8 × 10-6 M), pore water (pH = 7.6), HA (M42) concentration 10 mg/L, 

and aerobic conditions. The experimental setup for the diffusion experiments is shown in Fig. 

1  and  an  overview of  the  used  tracers  and  their  concentrations  can  be  found in  Tab.  4  (see  

Sect. 3.2). The experimental data processing of through-, out-, and in-diffusion experiments 

has been described in [7, 28]. A computer code based on Mathematica 6.0 has been developed 

for modeling through-, out-, and in-diffusion experiments. It was used to determine the 

diffusion coefficients (De) and the rock capacity factors ( ) for tritiated water (HTO), 22Na+, 

Np,  and  the  distribution  coefficient  (Kd) of 22Na+ and  Np  in  OPA.  Since  HTO  can  be  

considered as a nonsorbing tracer, i.e., Kd =  0,   is equal to porosity ). Making the 

assumption that the pore space determined for HTO is accessible for 22Na+ [7], the Kd value 

for 22Na+ can be calculated by eq. 6.  is obtained from the through diffusion experiment with 

HTO.  

dK               (6) 

where   is the diffusion-accessible porosity;  (kg/m3) is the bulk dry density. 

The  values  for  De and  for  HTO  and  22Na+ were obtained by fitting the results of 

experimental data of both transient and steady-state phases to the analytical solution of 

accumulated activity. The quality of the parameters De and  was  tested  by  using  them  as  

input parameters in the equation of flux (eq. 7).  

t
A

S
1)t,L(J ,                                                     (7) 
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where  J(L,  t)  is  the  flux  at  the  low-concentration  boundary  (x  =  L)  at  diffusion  time  t,  A  

(Bq/m3)  is  the  radionuclide  activity  in  solution,  t  (s)  is  the  diffusion  time,  and  S  (m2) is the 

cross section area of the sample.  

Figure 14 shows as an example the flux and the accumulated activity of cell 1 (Tab. 4) as a 

function of diffusion time obtained by through-diffusion of HTO and 22Na. As can be seen, 

the flux increases with diffusion time at the transient phase and becomes constant at the 

steady phase. In the transient phase, the flux depends on diffusion time, De, , and , while in 

the steady state the flux depends only on De. The accumulated activity increases with time, 

becoming a linear function of time at the steady phase. 
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Figure 14: Through-diffusion curves of cell 1 for HTO (A) and 22Na+ (B) with flux (J(L, t)) 

and accumulated activity (Acum) as a function of diffusion time through OPA in 

pore water at aerobic condition (The shaded area represents the uncertainty of 

the calculated curve). 

As  can  be  seen  from Fig.  14,  the  experimental  data  of  flux  J  for  both  HTO and 22Na+ as a 

function of diffusion time are in good agreement with the calculated data. The non-sorbing 

tracer HTO reached steady state after about 6 days, while the weak sorbing cation 22Na+ took 

longer time (about 15 days) to reach it. Moreover, the diffusion parameters of HTO and 22Na+ 

were determined also by out-diffusion experiments and similar values for De and  were 

obtained. In case of 22Na+,  the  diffusion  parameters  De and  Kd were also obtained by in-

diffusion experiments after diffusion of Np and were in excellent agreement with those 

obtained by the through-diffusion technique, indicating that both methods can be used to 

study the diffusion behavior of radionuclides in the clay. The obtained diffusion parameters 

(De, , , and Kd) for HTO  and 22Na+ are summarized in Tab. 11. 
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Table 11: Diffusion parameters (De) for HTO and (De and Da) for 22Na+ in OPA by through- 

and in-diffusion experiments, respectively. 

HTO 22Na+ 

Cell 
Temp. 

(°C)  
De 

(× 10-11 m2/s) 
 

De 

(× 10-11 m2/s) 

Da 

(× 10-11 m2/s) 

Kd 

(× 10-3 m3/kg) 

1 20 ± 2 0.15  0.01 1.50  0.10 0.50  0.02a 
0.44  0.03b 

1.9  0.1a 
1.8  0.2b 

3.8 ± 0.2a 
4.1 ± 0.4b 

0.15 ± 0.03a 
0.14 ± 0.01b 

2 20 ± 2 0.20 ± 0.01 1.97 ± 0.14 0.44 ± 0.01 2.5 ± 0.4 a 5.7 ± 0.9a 0.10  0.01a 

3c 20 ± 2 0.14 ± 0.01 1.73 ± 0.12 0.40 ± 0.01 3.1 ± 0.7a 7.8 ± 1.8a 0.11  0.01a 

4 60 ± 2 0.19 ± 0.01 3.13 ± 0.22 0.40 ± 0.01 3.5 ± 0.7a 8.8 ± 1.8a 0.11  0.01a 

[29] 23 ± 2 0.09 ± 0.02 1.48 ± 0.07 0.44 ± 0.01    

[63] 23 ± 2   0.33  0.03 1.6  0.1a 4.8 ± 0.3a 0.10  0.02a 
a Values measured in through-diffusion experiments, b values measured in in-diffusion experiments, and c presence of HA 

 

As  shown in  Tab.  11,  all  samples  have  a  similar  porosity,  which  is  representative  for  OPA 

from Mont Terri [29]. The De values of HTO for cells 1 to 3 are in the same range as values 

from the literature [29]. The obtained De of cell 4 at 60 °C is higher by a factor of about 1.5 

than for those at room temperature. From the literature, it is known that the diffusion of HTO 

increases with increasing temperature. Our De value  at  60  °C  agrees  well  with  the  

corresponding experimental  data from Van Loon et  al.  [7] (55 °C: 2.95 ± 0.22 × 10-11 m2/s; 

65 °C: 3.63 ± 0.35 × 10-11 m2/s).  In  the  case  of  22Na+ similar diffusion parameters were 

obtained in all experiments. The Kd values were constant within the experimental errors. The 

obtained De or  Da values  (apparent  diffusion  coefficient  Da =  De / ) are for all cells 

comparable (within experimental error). The presence of HA (cell 3) and an increase in  

temperature up to 60 °C (cell 4) had no significant effect on the diffusion of 22Na+ in OPA. 

In  all  diffusion  experiments,  stainless  steel  filter  plates  were  used  to  confine  the  clay  in  the  

diffusion cell. The filters have retarding and sorption effects which can be important at the 

clay boundary. Since the amount of Np(V) sorbed on the filter plates was very low, the 

sorption effect is negligible and only the retardation effect of the filter was taken into account 

by introducing the diffusion coefficient (Df)  of Np(V) in the filter.  The parameter Df (m2/s) 

can be estimated by Df  = (Dw/10) [70], where Dw (m2/s) is the diffusion coefficient of Np(V) 

in water (OPA pore water). Using the capillary method [71], Dw values of 237Np(V) in OPA 

pore water in presence/absence of HA and at elevated temperature  (60 °C) were determined 

to be 6.0 ± 1.0 × 10-10 m2/s in absence of HA,  7.0 ± 1.0 × 10-10 m2/s in presence of HA, and 
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2.8 ± 0.5 × 10-9 m2/s at 60 °C. These values were used for correcting the retardation effect of 

the filter plates in the in-diffusion experiment with Np(V). 

The in-diffusion experiments with 237Np(V) were started after the through- and out-diffusion 

studies  of  HTO  had  been  completed  (for  cell  1  after  HTO  and  22Na+ through- and out-

diffusion).  The  Np(V)  concentration  in  all  diffusion  experiments  was  8  ×  10-6 M,  the  HA  

(M42) concentration was 10 mg/L, and the diffusion time was about 35 days. Figure 15 shows 

the concentration profile of 237Np(V) and 22Na+ in OPA of cell  1.  The diffusion distance for 
237Np(V) and 22Na+ were less than 1 mm in 35 days and 17 h, respectively.  
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Figure 15: Diffusion profile of 8 × 10-6 M 237Np(V) and 2 × 10-10 M 22Na+ in OPA of cell 1 in 

OPA pore water under aerobic conditions. 

The  values  for  De and  were obtained by modeling the obtained data using our developed 

Mathematica code. The distribution ratio Kd was deduced by eq. 6, where  was obtained 

from the through-diffusion experiment with HTO. In case of Np(V),  is mainly impacted by 

Kd due to the strong sorption of Np(V) on OPA. The quality of the parameters De and  is 

tested by using them as input parameters for the calculation of the radionuclide concentration 

in the high-concentration reservoir. Figure 16 shows for example the activity of 237Np(V) in 

the source reservoir of cell 1 as a function of diffusion time. 
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Figure 16: Concentration of 237Np(V) in the source reservoir of cell 1 during in-diffusion. 

As can be seen from Fig. 16, the calculated data for the Np(V) concentration in the high-

concentration reservoir are in fairly good agreement with the experimental data. While Np(V) 

diffusion at room temperature (cells 1 and 2) could be fitted very well by the same evaluation 

procedure as described above, it was not possible to describe the data obtained at 60 °C well 

by  the  same model  (black  line  in  Fig.  17).  It  seems that  the  curve  at  60  °C consists  of  two 

parts, one with slow diffusion at the beginning and a part of faster diffusion at distances > 500 

µm. Using two fit curves (red lines) the experimental data can be better described. One 

possible explanation of this effect would be a change of Np speciation during diffusion in 

OPA. A temperature gradient within the clay can be excluded from the experimental 

conditions. Nevertheless, both fits result in Kd values that are at least five times smaller 

compared to the results of our batch experiments at 60 °C (see Tab. 13). To understand and 

explain this effect, further diffusion experiments are required. 
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Figure 17: Diffusion  profile  of  8  ×  10-6 M 237Np(V)  in  OPA  at  60  °C  in  OPA  pore  water  

under aerobic conditions (cell 4). 

The obtained diffusion parameters for all in-diffusion experiments with Np(V) in absence 

(cell  1  and  2)/presence  of  HA  (cell  3)  at  room  temperature  and  at  60  °C  (cell  4)  are  

summarized in Tab. 12. 

 
Table 12: Diffusion parameters for 8 × 10-6 M 237Np(V) in OPA by in-diffusion experiments 

of cells 1 - 4. 

Np(V) 
Cell 

 De / (× 10-11 m2/s) Da / (× 10-13 m2/s) Kd / m3/kg 

     1 [28] 243 ± 4 0.7 ± 0.1 2.8 ± 0.1 0.10 ± 0.01 

2 110 ± 3 2.3 ± 0.2 2.1 ± 0.2 0.049 ± 0.003 

  3 c 78 ± 2 1.5 ± 0.1 1.9 ± 0.1 0.032 ± 0.002 

48 ± 2a 1.0 ± 0.1a 2.1 ± 0.2a 0.019 ± 0.001a 

69 ± 2b 0.2 ± 0.02b 0.30 ± 0.03b 0.029 ± 0.002b 4 

34 ± 2b 1.0 ± 0.07b 2.9 ± 0.2b 0.014 ± 0.001b 
      a Values obtained from 1 component fit, b values obtained from 2 component fit, and c presence of HA 
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As can be seen from Tab. 12, the Kd and Da values obtained for Np diffusion in the presence 

of HA (cell 3) are slightly decreased compared to experiments in the absence of HA (cells 1 

and 2). However, the  value in case of cell 3 is by about 30% lower. Da values for cells 2 - 4 

are similar within experimental errors (considering only the values obtained from 1 

component  fit  for  cell  4  at  60  °C).  In  contrast  to  batch  experiments,  the  Kd values obtained 

from diffusion experiment decreased with increasing temperature. This trend was also shown 

by in-diffusion studies in compacted montmorillonite [72]. The difference between cell 1 and 

2 in the obtained diffusion parameters, which are both performed only with Np(V), can be 

explained by the usage of two different OPA batches (cell 1: BAE 25/10, cell 2: BLT 14) and 

the lower porosity of OPA in the cell 1.  

The Kd value of 0.10 ± 0.01 m3/kg obtained by the in-diffusion experiment of cell 1 in intact 

OPA is four times the value of 0.025 ± 0.005 m3/kg obtained by batch experiments using 

OPA  suspensions.  A  possible  reason  for  this  difference  could  be  that  two  different  OPA  

batches BHE 24/1 and BAE 25/10 were used in batch and diffusion experiments, respectively. 

In addition, a small part of Np(V) could be reduced to Np(IV) after diffusion into the intact 

clay (see Sect. 4.3).  

To better compare the diffusion results of cells 2 -  4,  three new batch experiments with the 

same OPA batch (BLT 14) were performed. Therefore, one cylinder of OPA batch BLT 14 

was pulverized and sieved to a particle size of less than 150 µm. This powder was used for 

batch experiments with 8 × 10-6 M Np(V) under aerobic conditions in OPA pore water (pH = 

7.6) at room temperature, 60 °C, and in the presence of HA (M42). In the sorption 

experiments, the S/L ratio was varied between 2 and 20 g/L. The results of the batch 

experiments performed at room temperature, 60 °C, and in the presence of HA (M42) in 

comparison to the diffusion results are shown in Tab. 13.  

 

Table 13: Averaged Kd values for the sorption of 8 × 10-6 M Np(V) on OPA ( BLT 14, S/L 

ratio of 2 - 20 g/L) in OPA pore water as a function of temperature and HA under 

aerobic conditions in comparison to diffusion results. 

Averaged Kd / m3/kg 
Cell 

Batch exp. Diffusion exp. 

2 0.034 ± 0.010 0.049 ± 0.003 

3 0.023 ± 0.002 0.032 ± 0.002 

4 0.157 ± 0.052  0.019 ± 0.001 
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As shown from Tab. 13, slightly lower Kd values were obtained for cell 2 and 3 in the case of 

batch experiments in comparison to the related diffusion experiments. In contrast to diffusion 

experiment, the Kd value for the OPA suspension increased significantly with increasing 

temperature (endothermic process). HA causes a slight mobilization of Np(V), which, 

however lies in the range of experimental error. Therefore, it can be concluded that the 

interaction mechanisms between Np(V) and OPA during sorption and diffusion are 

significantly different, pointing out that the processes that determine the endothermic 

behavior in batch experiments are almost not relevant in diffusion experiments. With respect 

to the safety assessment of a nuclear waste repository, the usage of sorption data would lead 

to an overestimation of Np(V) uptake by OPA at 60 °C, while room temperature data seem to 

be sufficient for conservative estimates.   

4.3 Speciation experiments 

4.3.1 XAS, µ-XAS, µ-XRF, and µ-XRD 
 

The uptake mechanism of Np and Pu by OPA as a function of different chemical parameters 

such as pH, metal concentration, S/L ratio, background electrolyte, and presence/absence of 

HA was studied by micro-spectroscopic investigations using synchrotron based X-ray 

techniques such as -XAS, µ-XRF, and µ-XRD. These methods have been used to determine 

the  speciation  of  Np  and  Pu  on  OPA  after  sorption  and  diffusion  processes.  The  spatially  

resolved investigations were complemented by EXAFS measurements of wet and dried 

powder samples from batch experiments to determine the structural parameters of the near 

neighbour environment of sorbed Np or Pu on the OPA surface. In the literature, there is no 

information  regarding  XAS,  µ-XAS,  µ-XRF,  and  µ-XRD  studies  of  Np  or  Pu  sorption  on  

OPA. Until now, only few speciation studies of Np and Pu sorption on natural clays were 

performed. Duff et al. studied Pu sorption on tuff by µ-XRF and µ-XANES [73, 74].  

 

XAS measurements of Np  

 

The  sorption  of  Np(V)  on  OPA  has  been  investigated  as  a  function  of  pH  in  the  absence/  

presence of HA (M42) or dissolved FeCl2 in different background electrolytes such as 0.1 M 

NaClO4 (pH 8.5), OPA pore water (pH = 7.6), and saturated calcite solution (pH = 8.5) under 

aerobic and anaerobic conditions. Samples were prepared with a total 237Np(V) concentration 

of 8 × 10-6 M, S/L ratio of 15 g/L, 10 mg/L HA (M42), 1 × 10-3 M FeCl2. The Np LIII-edge 
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(17630 eV) EXAFS data were collected in fluorescence mode at room and low temperatures 

(about  15  K)  at  the  Rossendorf  beamline  ROBL [31]  at  ESRF using  a  13-element  Ge  solid  

state detector. Table 14 shows an overview of the measured XAFS samples. 

  

Table 14: Details of the Np samples measured by XAS.  

Sample OPA /  
(CO2/Ar)a pH Electrolyte OPA 

batch HA 
Np 

loading  
ppm 

Statec Temp. Transport 

1 aerobic/CO2 8.5 sat. CaCO3 
solution 

BHE 
24/1 - 91 WP RT 

2 anaerobic/CO2
b 8.5 sat. CaCO3 

solution BDR 2 - 109 WP RT 

3 aerobic/CO2 8.5 0.1 M 
NaClO4 

BHE 
24/1 - 108 WP RT 

4 anaerobic/Ar 8.5 0.1 M 
NaClO4 

BDR 2 - 121 WP RT 

5 aerobic/Ar 8.5 0.1 M 
NaClO4 

BHE 
24/1 - 110 WP RT 

6 anaerobic/Ar 7.6 pore water BDR 2 - 52 WP RT 

under air 

7 aerobic/CO2 8.5 sat. CaCO3 
solution 

BHE 
24/1 yes 93 WP RT 

8 anaerobic/Ar 8.5 sat. CaCO3 
solution 

BHE 
24/2 yes 94 WP RT 

9 anaerobic/Ar 8.5 sat. CaCO3 
solution 

BHE 
24/2 - 105 P 15 K 

10 anaerobic/Ar 7.6 pore water BHE 
24/2 - 43 P 15 K 

anaerobic jar 
filled with 

Ar 

11 anaerobic/Ar 8.5 
0.1 M 

NaClO4 + 
10-3 M FeCl2 

BHE 
24/2 - 267 P 15 K 

12 anaerobic/Ar 8.5 0.1 M 
NaClO4 

BHE 
24/2 - 151 P 15 K 

13 anaerobic/Ar 8.5 sat. CaCO3 
solution 

BHE 
24/2 - 101 P 15 K 

14 anaerobic/Ar 7.6 pore water BHE 
24/2 - 57 P 15 K 

Voyageur 12 
filled with 

LN2 

a CO2: pCO2 = 10-3.5 atm, b CO2: pCO2 = 10-2.3 atm, c WP: wet paste, P: powder, RT: room temperature  

 

Figure  18  shows  the  raw  Np  LIII-edge k3-weighted EXAFS data, the fit with the best 

theoretical model, and the corresponding Fourier transform magnitudes (FT) of samples 1 - 6. 

All FTs are uncorrected for scattering phase shifts (R + ), causing peaks to appear at shorter 

distances.  
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Figure 18: Np LIII-edge k3-weighted EXAFS spectra (left) and the corresponding Fourier transform 

magnitudes (right) of samples 1 - 6. 

As can be seen from Fig. 18, samples 2, 4, and 6 of anaerobic OPA prepared under anaerobic 

conditions in different background electrolytes show similar EXAFS spectra and have 

different EXAFS pattern compared to samples 1,  3,  5 of aerobic OPA. They show a double 

oscillation structure between k 6 - 8 Å-1, which is a characteristic for carbonate species. The 

Fourier transform spectra of samples 2, 4, and 6 show four coordination shells at 1.83 Å, 2.52 

Å, 2.98 Å, and 4.25 Å, which are related to Np-Oax axial, Np-Oeq equatorial, Np-C, and Np-

Odis distal  (distal  oxygen atom of the CO3
2- group), respectively. In the samples 1, 3, 5 only 

two coordination shells were observed (Np-Oax and Np-Oeq).  Table  15  summarizes  the  

structural parameters derived from the EXAFS fits. The average Np-Oeq bond distance of 

samples 1, 3 and 5 is somewhat shorter than in the Np(V) aquo ion [75]. This could indicate 

inner-sphere sorption of a Np(V) at the OPA surface. The neptunium coordination shells and 

bond distances of samples 2, 4, and 6 are consistent with the formation of a Np(V) carbonato 

species at the OPA surface [76], which is also in good agreement with our previous result for 

Np(V) sorption on kaolinite [77]. 

In all samples, the obtained distances of both Np-Oax and Np-Oeq indicate that the pentavalent 

oxidation state of Np was dominant. The reduction of Np(V) to Np(IV) under anaerobic 

conditions could not be confirmed (possible oxidation during transportation).  
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Table 15: EXAFS structural parameters for the Np samples 1 – 6 in Tab. 14.  

2x Oax 5x Oeq Cd Odis 
Sample 

R / Å R / Å N R / Å N R / Å 

E0  / 

eV 

red. 

error 

1 1.85 2.46     - 8.1 0.64 

2 1.83 2.52 2.4 2.98 2.4 4.25 - 8.9 0.51 

3 1.83 2.45     - 10.3 0.87 

4 1.85 2.54 2.5 3.00 2.5 4.26 - 6.6 0.38 

5 1.86 2.41     - 9.2 3.60 

6 1.85 2.51 1.9 3.00 1.9 4.24 - 9.5 0.33 

NpO2(H2O)4
+ [75] 1.82 2.49       

NpO2(CO3)3
5- [76] 1.86 2.53 2.7 2.98 3.0 4.22   

 
During fit the coordination numbers for Oax, and Oeq were held constant and the coordination numbers for C and Odis, were 

linked together and adjusted as one parameter. The average value of the Debye-Waller factors 2 for Oax, Oeq, and Odis were 

0.0026 Å2, 0.011 Å2, and 0.008 Å2, respectively. Debye-Waller factor 2 for C was held constant at 0.003 Å.  

 

Using an iterative transformation factor analysis (ITFA) method [40], the oxidation state of 

Np in the measured XANES spectra was checked and the amount of Np(IV) to Np(V) in each 

spectrum was determined and compared to reference spectra of Np(IV) and Np(V) taken from 

[75]. In case of a mixture of Np(IV) and Np(V), the percentage of both oxidation states was 

taken into account in the fitting of the related EXAFS spectra. The amount of Np(IV) in 

samples  1  -  6  was  less  than  14%  (duo  to  data  quality  the  error  can  be  estimated  to  about  

± 10%) and therefore, the reduction of Np(V) to Np(IV) was not considered. Samples 7 - 10 

were transported in an anaerobic transport container filled with Ar gas. Samples 11 – 14 were 

shock frozen and transported in a liquid nitrogen dewar. By using these two transport options, 

the reduction of Np(V) to Np(IV) in most of the samples (7 - 12) was clearly observed as can 

be seen in Tab. 16. 
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Table 16: Amount of Np(IV) and Np(V) in EXAFS samples 7 -  14 determined using ITFA 

[40]. 

 
Sample Np(IV) / %a Np(V) / %a 

7 25 75 
8 38 62 
9 47 53 
10 49 51 
11 64 36 
12 18 82 
13 11 89 
14 9 91 

a Error value from ITFA is about 10% 

 

As shown in Tab. 16, the reduction of Np(V) to Np(IV) was most significant in samples 8 - 11 

under anaerobic conditions, independent of the background electrolyte or presence of HA. In 

the presence of solved FeCl2 (sample  11),  the  maximum  amount  of  Np(IV)  was  reached  

(64%).  EXAFS  spectra  of  samples  7  -  10  together  with  the  best  fit  to  the  data  and  their  

corresponding Fourier transform magnitudes are shown in Fig. 19. 
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Figure 19: Np LIII-edge k3-weighted EXAFS spectra (left) and the corresponding Fourier transform 

magnitudes (right) of samples 7-10. 

Samples 7 and 8, which were prepared in presence of HA under aerobic and anaerobic 

conditions, respectively, show similar EXAFS pattern with minor differences. In both cases, 

the structural parameters derived from the EXAFS fits show three coordination shells Np-Oax, 

Np-Oeq, and Np(IV)-O at distances about 1.80 Å, 2.45 Å, 2.27 Å, respectively. One additional 

peak at about 3.84 Å was observed in sample 7 (above the noise level), which can be assigned 

to Np-Np interaction. The Np(IV)-O distance at about 2.27 Å is in good agreement with the 

characteristic distance of Np(IV) [78]. Similar Np-O distances as for samples 7 and 8 were 

found for sample 9 with an additional Np-Si/Al coordination shell at distances of 3.19 Å. The 

obtained Np-O and Np-Al/Si distances for sample 10 were at  1.78 Å (Np-Oax), 2.60 Å (Np-

Oeq), 2.32 Å (Np(IV)-O), and 3.28 Å/3.55 Å (Np-Al/Si). EXAFS spectra of samples 11 - 14 

are presented in Fig. 20 together with the corresponding Fourier transform magnitudes. 
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Figure 20: Np LIII-edge k3-weighted EXAFS spectra (left) and the corresponding Fourier transform 

magnitudes (right) of samples 11 - 14. 

Unfortunately, all fours EXAFS spectra show a poor signal-to-noise ratio compared to the 

previous samples. These spectra were collected using 6-bunch mode (max. current 80 mA), 

where pervious samples were collected using 7/8 multi-bunch operation mode (max. current 

200 mA). Due to the addition of solved FeCl2 in  sample  11,  the  reduction  of  Np  was  

confirmed with 64% of Np(IV) (see Tab. 16). Three Np-O coordination shells at 1.85 Å, 2.41 

Å,  2.21  Å  were  obtained  from  the  EXAFS  measurements  of  sample  11.  Similar  distances  

were  obtained  for  samples  12  and  13  with  an  additional  Np-Np  coordination  shell  at  about  

3.55  Å.  In  samples  11  -  13  a  Np-Al/Si  interaction  at  about  3.14  Å  was  also  observed.  

However, this Np-Np coordination shell did not improve the reduced error of the fit 

significantly. According to the lower beam intensity and lower Np loading (57 ppm) of 

sample 14, it was only possible to analyze the Np-Oax and Np-Oeq coordination shells of this 

sample.  Finally,  from  all  EXAFS  results,  we  can  conclude  that  under  both  aerobic  and  

anaerobic conditions a partial reduction of Np(V) to Np(IV) occurred, clearly pronounced 

under anaerobic conditions as well as in the presence of solved FeCl2. HA and background 

electrolyte had not influence on the Np speciation on OPA. Formation of Np carbonate 
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species at the OPA surface was detected under anaerobic conditions, probably due to the 

increase of CO2 partial pressure. Formation of Np polynuclear species was detected in some 

anaerobic samples, in which Np(IV) was detected.  

µ-XAS, µ-XRF, and µ-XRD measurements of Np(V)  

 

By EXAFS measurements on bulk samples, it was possible to determine the structural 

parameters of Np sorbed on OPA as a function of several chemical parameters. However, 

these EXAFS investigations provide only an average over all Np species present in the 

sample. Microscopic techniques may allow a more selective approach for the speciation. 

Using µ-XAS and µ-XRF analysis one can attain information on elemental  correlations and 

the distribution of contaminant. Therefore, these techniques are well suited to study 

heterogeneous  materials  such  as  OPA.  By  using  µ-XRD  it  is  also  possible  to  identity  

crystalline mineral phases within a complex mixture on a micro scale. In this study, the uptake 

of Np by OPA was investigated by a combination of these synchrotron based methods. As 

already mentioned, all investigations were performed at the MicroXAS beamline at SLS. The 

elemental distributions of Np and other elements (e.g., Fe, Ca) of this heterogeneous natural 

sorbent were determined by µ-XRF mapping. The distribution of mineral phases near Np 

enrichments (hot spots) was investigated using µ-XRD. Np hot spots located on the samples 

were analyzed by µ-XANES to determine its oxidation state after uptake or diffusion 

processes. An overview of all Np samples measured at SLS is shown in Tab. 17.   

 

Table 17:  Details of the Np samples measured at SLS. 

Sample Preparation 
Activity 

Bq 

Np loading 

ng/mm2 

1 107 96 

2 823 792 

3 2379 1389 

4 

deposition of 8 × 10-6 M 237Np(V) on 

OPA thin section under aerobic 

conditions 
118 69 

5 
sorption of 8 × 10-6 M 237Np(V) on 

OPA under anaerobic conditions 
11 22 

6 

diffusion of 8 × 10-6 M  Np(V) in an 

intact OPA bore core under aerobic 

condition 

86 - 
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The Np loading in all samples was between 96 ng/mm2 and 1389 ng/mm2. For the diffusion 

sample it was not possible to determine the Np concentration on the surface due to the shape 

of  this  massive  piece  of  clay.  The  focus  will  primarily  be  put  on  samples  1,  3,  and  6  as  

representatives for other measured samples.  

Figure 21 shows a  500 × 500 µm mapping of sample 1 measured by µ-XRF and electron 

microprobe. The Fe mapping was measured by both methods with good statistics and 

therefore chosen to align both measurements. Slight differences in the signal intensity can 

probably be a result of topographic differences on the sample due to swelling of the clay when 

contacted  with  Np  solution.  As  can  be  seen  from  Fig.  21,  Fe  and  Np  are  distributed  

heterogeneously on the thin section and several spots of Fe and Np enrichments are present. 

The interference between Np (L ) and Sr (K ) was considered, since Sr is present in OPA 

with  a  concentration  of  up  to  235  ppm  [16].  For  verification  of  Np,  the  Np-LIII edge 

absorption spectrum of the interested spot was measured below 17550 eV and at an energy of 

17630 eV. Due to the high-energy used by µ-XRF analysis, it was not possible to measure the 

lighter elements such as Al and Si contained in OPA simultaneously with Np and Fe. 

Furthermore,  it  was  also  not  possible  to  perform any  µ-XRD measurements  on  the  areas  of  

interest to get further information about the mineralogical environment of Np due to high 

impurities in the standard glass object slides used for the preparation of sample 1. Therefore, 

only electron microprobe analysis was done in sample 1 to determine the distributions of Al, 

Si, Ca, Na, and Ti (see Fig. 21). While Al and Si are present on the whole sample as it can be 

expected, based on the mineral composition of OPA, the mappings of Ca and Fe show certain 

hot spots, probably calcite and siderite/pyrite, respectively. The Fe distribution determined by 

both µ-XRF and microprobe analysis fit very well and were used to identify the areas 

measured by µ-XRF.  
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Figure 21: µ-XRF mappings (  500 × 500  µm,  step  size:  5  µm)  of  Fe  and  Np  (two  upper  

mappings) compared to electron microprobe measurements (step size: 2.5 µm) of 

Al, Fe, Si, Ca, Na, and Ti. XANES spectra were recorded at spots 1 – 4 (Fig. 22). 

Four Np hot spots on sample 1, whose positions are marked in Fig. 21, were selected and 

measured by µ-XANES (see Fig 22). Using ITFA [40] normalized XANES spectra were 

compared to reference spectra of Np(IV) and Np(V) [75] and their amounts were determined. 
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Figure 22: Normalized  Np  LIII-edge  XANES  spectra  measured  on  spots  1  -  4  marked  in  Fig.  21  

together with the reproductions from IFTA using reference spectra of Np(IV) and 

Np(V). 

A mixture of Np(IV) and Np(V) was found in all XANES spectra. The amount of Np(IV) was 

determined by ITFA and was between 47% and 69%, although the experiment was carried out 

under aerobic condition. Np(V) has been partly reduced to Np(IV), probably by iron(II) 

baring minerals contained in OPA. µ-XRF measurements (Fig. 21) do not show a clear 

correlation between Np and other measured elements. This correlation was also not confirmed 

by scatter plots (not shown) using the program XY-MAP display [79]. The fact that spots of 

Np(IV) are not located directly on Fe hot spots may be explained by the short contact time 

between Np and Fe during sample preparation. At high Np concentration as in sample 3 (10 

times more than in sample 1), it was also not possible to see any correlations between the 

measured elements. Np was distributed homogenously on the whole sample surface. 

Additionally, Np(V) was the dominating species on OPA. In both samples the precipitation of 

Np on the OPA thin sections during evaporation cannot be excluded. To prevent any Np 

precipitation during sample preparation, a thin section (sample 5) was prepared using a 

sorption cell under anaerobic conditions. High purity quartz glass object slides (Heraeus 

Holding GmbH, Hanau, Germany) were used to eliminate any impurities and allow us to 

perform µ-XRD investigations. Unfortunately, under aerobic conditions the sorption of Np on 
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OPA thin section was very low and it was not possible to measure this sample. For sample 5, 

which was prepared under anaerobic condition, the Np loading was sufficient (22 ng/mm2) for 

the measurements and several Np hot spots were detected (see Fig. 23). As can be seen in the 

upper right corner of the Np and Fe mappings in Fig. 23, a clear correlation between Np and 

Fe can be found. Two points from this mapping were selected to study the speciation of Np. 

 
Figure 23: Left: µ-XRF mappings (2 × 2 mm, step size: 10 µm) of Fe and Np of an anaerobic 

sample prepared by sorption of 8 × 10-6 M 237Np  on  OPA  thin  section.  Right:  

Same element distributions for 500 × 500 µm mappings (step size 1 µm). XANES 

spectra were recorded at spots 1 and 2 (Fig. 24). 

Figure 24 show the normalized XANES spectra of spots 1 and 2 of sample 5 with the 

percentages of Np(IV) and Np(V) determined by ITFA.  
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Figure 24: Normalized Np LIII-edge XANES spectra measured on spots 1 and 2 marked in Fig. 23 

together with the reproductions from IFTA using reference spectra of Np(IV) and Np(V). 

The measured XANES spectra of spots 1 and 2 of sample 5 show a similar near-edge 

structure, which is different from the spectra of spots 1 - 4 in sample 1 prepared under aerobic 

condition (see Fig. 22). The spectra of sample 1 show a broader adsorption peak and the 

characteristic Np(V) shoulder. Sample 5, which was prepared under anaerobic condition, 

shows an almost quantitative reduction of Np(V) to Np(IV) (Np(IV)  85%). The µ-XRF 

distribution mappings show clearly that Np reduction has occurred near the iron bearing 

mineral contained in OPA. To determine which iron mineral is responsible for this reduction, 

µ-XRD measurements were performed at spots 1 and 2. The collected XRD images (Fig. 25) 

at each point were analyzed using the program Area Diffraction Machine [41] and compared 

to the diffraction patterns of different iron bearing minerals. As can be seen from Fig 25, the 

collected diffraction images of spots 1 and 2 agree well with XRD pattern of pyrite (circles), 

which  is  present  to  about  1  -  3%  in  OPA  [3].  Pyrite  appears  to  be  one  of  the  redox-active  

mineral phases in OPA, which determine the Np speciation after the sorption process.  
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Figure 25: µ-XRD images  (20  ×  20  µm,  step  size:  1  µm,  E  =  17700 eV)  of  spots  1  and  2  

presented in the µ-XRF mapping of sample 5 (Fig. 23). -XRD patterns of pyrite 

are shown as circles.  

To  investigate  the  Np  speciation  on  OPA  after  diffusion,  sample  6  was  prepared  from  an  

intact OPA bore core that was contacted with 8 × 10-6 M 237Np in OPA pore water (pH = 7.6) 

for more than one month. Figure 26 show the element distributions of Ca, Fe, and Np on this 

sample.    
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Figure 26: Left: µ-XRF mappings (2.0 × 2.5 mm, step size: 20 µm) of Ca, Fe, and Np of an 

aerobic sample prepared from in an intact OPA bore core after diffusion of 

8 × 10-6 M 237Np for one month. Right: Same element distributions for 300 × 300 

µm  mapping  (step  size  5  µm).  A  XANES  spectrum  was  recorded  at  spot  1       

(Fig. 28). 

Due to lower Np loading in the diffusion sample and the sample was not strongly shielded as 

in the case of the other samples, higher Ca concentrations with several Ca hot spots were 

observed. Iron was homogeneously distributed in the sample with very high concentration 

(105 counts, perhaps from the stainless steel filter used in diffusion experiment) and only few 

hot spots were detected. In case of Np, areas with slightly elevated Np concentrations can be 

          500 µm 
           100 µm 
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found  on  the  lower  right  region  of  the  mapping  (see  Fig.  26).  Using  XY  Display  program  

[79], tri-color (red-blue-green) mappings of Ca, Fe, and Np in the diffusion sample are 

presented in Fig. 27.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Tri-color mapping of the distributions of Ca, Fe, and Np in the diffusion sample 

from µ-XRF mapping in Fig. 26 (left).     

This tri-color -XRF mapping indicates that Ca, Fe, and Np are distributed heterogeneously 

throughout the sample. The pure green, blue, and red colours of the Fe-, Ca- and Np-rich 

areas indicate that these elements are segregated. Ca and Fe hot spots are not associated with 

Np show up as numerous areas in blue and green colors. The correlation between Np, Fe, and 

Ca was also not confirmed by a scatter plot. 

 

µ-XANES measurement on the Np hot spot selected in Fig. 26 (right) showed that Np(IV) is 

the dominating species (Fig. 28) with an amount of 82% as determined by ITFA.  

Np 

Fe Ca 

500 
µm 
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Figure 28: Normalized Np LIII-edge XANES spectrum measured on spot 1 marked in Fig. 26 

together with the reproduction from IFTA using reference spectra of Np(IV) and 

Np(V). 

Because  the  diffusion  sample  was  a  thick  one  (not  a  thin  section),  it  was  not  possible  to  

perform µ-XRD measurements at the Np hot spot. 

As conclusion, from spectroscopic investigations with synchrotron based techniques, it was 

possible to determine the elemental distributions of Ca, Fe, and Np in OPA samples prepared 

form sorption and diffusion experiments by using µ-XRF analysis. µ-XANES investigations 

on Np hot spots of thin sections and diffusion samples showed that Np(V) is partly reduced to 

Np(IV) under both aerobic and anaerobic conditions. The reduction was more pronounced 

under anaerobic condition and in diffusion experiments. These results are in good agreement 

with our pervious diffusion [28] and sorption [16] investigations. Furthermore, µ-XRD data 

confirm that pyrite is one of the redox-active mineral phases of OPA determining the 

speciation of Np after uptake on OPA. This indicates that the reduction process takes place on 

the OPA surface and not in solution. With respect to the assessment of the long-term safety of 

a nuclear waste repository, even if Np(V) is formed in the near field of the storage containers, 

the reduction to Np(IV) by OPA will immobilize Np and thus prevent its transport to the far 

field, showing OPA as a suitable host rock.      
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XAS measurements of Pu  

 

The sorption of Pu on OPA has been investigated by XAS as a function of pH, Pu oxidation 

state  (III,  IV,  V,  and  VI)  in  the  absence  and  presence  of  HA  (M42),  Na2CO3/NaHCO3, 

dissolved FeCl2, in different background electrolytes such as 0.1 M NaClO4 (pH = 8.5), OPA 

pore water (pH = 7.6) under aerobic and anaerobic conditions. Samples were prepared with a 

total 239Pu concentration of 1 - 2 × 10-5 M, S/L ratio of 6 g/L, 10 mg/L HA (M42), 5 × 10-3 M 

FeCl2, and 2.1  M  Na2CO3/1 M NaHCO3 solution.  Pu  LIII-edge (18070 eV) XAS data were 

collected in fluorescence mode at low temperature (about 15 K) at the Rossendorf beamline 

ROBL [31] at the ESRF using a 13-element Ge solid state detector. Details of the measured 

XAS samples can be found in Tab. 18.    

Table 18: Details of the Pu samples measured by XAS.  

Sample 
Pu 

oxid. 
state 

OPA / 
(CO2

a/Ar)a pH Electrolyte OPA 
batch 

 
HA 

Pu 
loading 

ppm 
Stateb Transport 

1 VI aerobic/CO2 7.6 pore water BHE 
24/1 - 375 P under air 

2 IV aerobic/CO2 7.6 pore water BHE 
24/1 - 375 P under air 

3 IV anaerobic/Ar 7.6 pore water BHE 
24/2 - 370 P under air 

4 III anaerobic/Ar 7.6 pore water BHE 
24/2 - 370 P 

5 IV anaerobic/Ar 7.6 0.1 M 
NaClO4 

BHE 
24/2 - 372 P 

6 III anaerobic/Ar 7.6 0.1 M 
NaClO4 

BHE 
24/2 - 372 P 

anaerobic jar 
filled with 

Ar 

7 V anaerobic/Ar 7.7 pore water BHE 
24/2 - 436 P 

8 V anaerobic/Ar 7.8 pore water BHE 
24/2 yes 436 P 

Voyageur 12 
filled with 

LN2 

9 VI aerobic/CO2 7.7 pore water BHE 
24/1 yes 733 P 

10 VI aerobic/CO2 8.5 
pore water + 

Na2CO3/ 
NaHCO3 

BHE 
24/1 - 732 P 

11 VI anaerobic/Ar 7.5 pore water + 
FeCl2  

BHE 
24/2 - 733 P 

12 VI aerobic/Ar 7.8 pore water BHE 
24/1 - 733 P 

13 IV aerobic/CO2 7.7 pore water BHE 
24/1 yes 404 P 

anaerobic jar 
filled with 

Ar 

14 IV anaerobic/Ar 7.7 pore water BHE 
24/2 - 405 P 

15 IV anaerobic/Ar 7.7 pore water BHE 
24/2 yes 404 P 

16 III anaerobic/Ar 7.7 pore water BHE 
24/2 yes 435 P 

17 III anaerobic/Ar 7.5 pore water + 
FeCl2  

BHE 
24/2 - 436 P 

Voyageur 12 
filled with 

LN2 

a CO2: pCO2 = 10-3.5 atm, b P: powder 
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XANES measurements were performed to determine the oxidation state of Pu in the sorption 

samples  as  can  be  seen  for  example  in  Fig.  29.  The  XANES spectra  of  samples  1  -  8  have  

similar shape and showed that the Pu LIII-edge in all spectra occurs at 18068 ± 1 eV, which 

agrees well with the Pu LIII-edge energy of the Pu(IV) aquo ion [80, 81]. The so called “-yl” 

shoulder, which is used to distinguish Pu(V) and Pu(VI) from other oxidation states (III and 

IV), can not be seen in the measured XANES spectra. The same XANES spectra (not shown) 

were obtained also for the other samples (9 - 17). The oxidation state of Pu in the measured 

XANES spectra was analyzed by ITFA. The amount of Pu(IV) was about 99% in all samples. 

It  follows from this XANES investigation, that  Pu(IV) is the dominant oxidation state in all  

samples (except the samples prepared with dissolved iron(II) chloride), independent on the 

initial  Pu  oxidation  state  (III,  IV,  V,  and  VI),  the  background  electrolyte  used,  the  

presence/absence of HA, and the aerobic/anaerobic conditions during sample preparation. The 

presence of HA did not stabilize Pu(III) and the addition of dissolved iron(II) chloride did not 

completely reduce Pu to Pu(III).  
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Figure 29: Pu LIII-edge XANES spectra of samples 1 - 8. 

Figures  30  shows the  raw Pu LIII-edge EXAFS data, the fit with the best theoretical model, 

and the corresponding Fourier transform magnitudes of samples 1 and 2 prepared under 

aerobic condition.  
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Figure 30: Pu  LIII-edge k3-weighted EXAFS spectra (left) and the corresponding Fourier 

transform magnitudes (right) of samples 1and 2 prepared under aerobic 

condition. 

As can be seen from Fig. 30, the EXAFS spectra of samples 1 and 2 prepared under aerobic 

conditions show a similar EXAFS structure. The Fourier transform spectra show two main 

peaks. The first peak at 2.34 Å (corrected for phase shift) is related to the Pu-O coordination 

shell. The second peak can be modelled by two coordination shells, i.e., Pu-Al/Si and Pu-Fe at 

3.13 Å and 3.46 Å, respectively.  

EXAFS spectra of samples 3 - 6 prepared under anaerobic condition in different background 

electrolytes (OPA pore water and 0.1 M NaClO4) are presented in Fig. 31. As can be seen, 

samples  3  -  6  have  identical  EXAFS  patterns,  which  differ  from  the  EXAFS  spectra  of  

samples 1 and 2 prepared under aerobic conditions. In the Fourier transform spectra of 

samples 3 - 6 only two coordination shells Pu-O and Pu-Si/Al can be found at about 2.34 Å 

and 3.14 Å, respectively. Comparing EXAFS spectra of sample 3 and 4 prepared in OPA pore 

water  with  samples  5  and  6  prepared  in  0.1  M  NaClO4, no influence of the background 

electrolyte can be observed. Aerobic samples have a characteristic EXAFS pattern between k 

6  and  9  Å-1.  In  their  Fourier  transform  spectra  the  amplitude  of  the  second  peak  was  

significantly higher compared to other samples prepared under anaerobic conditions. 
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According to the EXAFS results the speciation of Pu by uptake on OPA is depending on the 

OPA batch, whether it has been prepared under aerobic or anaerobic conditions. 

In this context the redox-active iron-bearing mineral phase (pyrite or siderite) seems to play 

an important role by reduction of Pu(VI) under aerobic conditions. 
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Figure 31: Pu  LIII-edge k3-weighted EXAFS spectra (left) and the corresponding Fourier 

transform magnitudes (right) of samples 3 - 6 prepared under anaerobic 

condition. 

No  influence  of  HA  was  observed  on  the  sorption  of  Pu  on  OPA.  Figure  32  shows  as  an  

example  the  EXAFS spectra  of  samples  7  and  8  for  Pu(V)  sorption  on  OPA in  the  absence  

and presence of HA, respectively. EXAFS spectra of both samples are very similar. Three 

coordination shells, i.e., Pu-O, Pu-Si/Al, and Pu-Pu, were observed in the Fourier transform 

spectra at about 2.29 Å, 3.19 Å, and 3.78 Å, respectively. The additional Pu-Pu coordination 

shell  was  observed  only  in  these  two  samples  because  a  small  amount  of  

Pu(IV) colloids remained in the Pu(V) stock solution after potentiostatic electrolysis from the 

initial Pu(VI) solution.   
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Figure 32: Pu  LIII-edge k3-weighted EXAFS spectra (left) and the corresponding Fourier 

transform magnitudes (right) of samples 7 - 8 prepared under anaerobic condition 

in absence and presence of HA, respectively. 

The obtained structural parameters derived from EXAFS fits of samples 1 - 8 are summarized 

in Tab. 19. 

 

Table 19: EXAFS structural parameters for the Pu samples 1 – 8 in Tab. 18.  

Pu-O 2x Pu-Si/Ala 2x Pu-Fea Pu-Pu Sample N R / Å 2/ Å2 R / Å 2 /Å2 R /Å 2 /Å2 N R /Å 2 /Å2 
E0 / 
eV 

red. 
error 

1 8.8 2.34 0.013 3.13 0.004 3.46 0.006    - 9.5 0.21 
2 8.6 2.34 0.012 3.13 0.004 3.46 0.005    - 10.2 0.22 
3 8.4 2.40 0.021 3.17 0.008      - 12.4 0.12 
4 9.9 2.34 0.020 3.14 0.007      - 11.2 0.36 
5 11.1 2.34 0.026 3.14 0.007      - 13.7 0.11 
6 9.5 2.36 0.022 3.15 0.007      - 11.5 0.14 
7 9.5 2.29 0.011 3.21 0.010   5.9 3.77 0.009 - 3.0 0.29 
8 9.5 2.30 0.012 3.18 0.02   4.0 3.78 0.007 - 2.5 0.29 

Pu(IV)(aq) 
[82] 7.8 2.39 0.007          

Pu(OH)4 (am.) 
[82] 4.6 2.32 0.011     2.2 3.85 0.006   

a The coordination numbers for Si/Al and Fe were held constant during the fit, R = ± 0.02 Å, 2 = ± 0.001 Å2 
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The Pu-O distance in all samples was about 2.34 Å and agrees with that of Pu(OH)4(am) [82]. 

A shorter Pu-O distance was found in samples 7 and 8 compared to [82], perhaps due to 

precipitation of Pu(IV) colloids. The obtained Pu-Pu distance in samples 7 and 8 is shorter 

than determined by Dardenne et al. for Pu(OH)4(am.). The detection of Pu-Al/Si interactions 

in all samples is indicative of inner-sphere sorption of Pu(IV) on the clay minerals present in 

OPA.  The  XANES  results  confirm  also  that  Pu(IV)  is  the  dominant  oxidation  state  after  

interaction  of  Pu(III/IV/V/VI)  with  OPA.  Our  EXAFS results  are  in  good agreement  with  a  

previous EXAFS study on the sorption of Pu(III) and Pu(IV) onto kaolinite [77]. 

 

µ-XAS, µ-XRF, and µ-XRD measurements of Pu(VI)  

   

The speciation of 242Pu(VI) on OPA after sorption and diffusion processes has been 

investigated by µ-XAS, µ-XRF, and µ-XRD measurements. Fluorescence mappings of Pu, 

Ca, Fe, Mn, and Sr on OPA were collected. Spots of high local Pu concentration were 

analyzed by µ-XANES and µ-XRD to determine the oxidation state of Pu and the distribution 

of  mineral  phases  near  Pu  enrichments.  Analogous  to  Np,  experiments  with  a  similar  set  of  

samples were prepared. Details of the Pu samples prepared is shown in Tab. 20.   

 

Table 20: Details of the Pu samples measured at SLS. 

Sample 
Preparation 

(under aerobic conditions) 

Activity  

Bq 

Pu loading 

ng/mm2 

1 
deposition of 2 × 10-5 M 242Pu(VI) on 

OPA thin section  
750 96 

2 
sorption of 2 × 10-5 M 242Pu(VI) on 

OPA thin section 
917 311 

3 
diffusion of 2 × 10-5 M 242Pu(VI) in an 

intact OPA bore core  
400 7 

 

As shown in Tab. 20, the Pu loading in the samples was between 7 ng/mm2 and 311 ng/mm2. 

In the following the focus will be put on samples 2 and 3. Figure 33 shows as an example the 

collected µ-XRF mappings for Pu, Ca, and Fe of sample 2.   
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Figure 33: Left:  µ-XRF mappings  (120  ×  120  µm,  step  size:  10  µm)  of  Fe,  Ca,  and  Pu  of  

sample 2 prepared by sorption of 2 × 10-5 M 242Pu on  OPA thin  section.  Right:  

Same element distributions for 20 × 20 µm mapping (step size 2 µm). A XANES 

spectrum was recorded at spot 1 (Fig. 35). 

As can be seen from Fig. 33, fluorescence mappings with good signal intensity were collected 

for  the  sample  2.  The  elements  Fe,  Ca,  and  Pu  are  distributed  heterogeneously  on  the  thin  

section and several hot pots can be observed. In some areas, as can been seen by the presence 

of purple pixels in the left corner of tri-color mapping (Fig. 34), Pu is associated with Fe.  
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Figure 34: Tri-color  mapping  of  the  distributions  of  Ca,  Fe,  and  Pu  in  the  sorption  sample  

from µ-XRF mapping (left) in Fig. 33.     

To determine the oxidation state of Pu and the mineral phases near the Pu hot spot in sample 2 

after sorption on OPA thin section, µ-XANES and µ-XRD measurements were performed on 

the Pu hot spot marked in Fig. 33. The normalized XANES spectrum and µ-XRD images are 

shown  in  Figs.  35  and  36,  respectively.  Using  ITFA  the  amount  of  Pu(IV)  in  the  XANES  

spectrum was determined to be 97% in the hot spot. 

Ca 

Pu 
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Figure 35: Normalized Pu LIII-edge XANES spectrum measured on spot 1 marked in Fig. 33 

together with reproduction from IFTA. 

 

 

Figure 36: µ-XRD images (20 × 20 µm, step size: 2 µm, E = 18070 eV) of the Pu hot spot 

presented  in  the  µ-XRF  mapping  of  sample  2  (Fig.  33).  -XRD  patterns  of  

siderite are shown as red circles.  

As  can  be  seen  in  Fig.  36,  the  collected  XRD  images  near  Pu  hot  spot  1  indicate  that  Pu  

potentially localizes on siderite mineral phases contained to about 3% in OPA [3]. Most of all 

other crystalline/micro crystalline phases (black points) are related to silicate mineral phases, 
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especially kaolinite (points in the circles close to the center). This preliminary result showed 

that siderite is one of the redox-active mineral phases in OPA, which determine the Pu 

speciation after sorption process.  

For the diffusion sample with very low Pu loading (7 ng/mm2), it was also possible to perform 

µ-XRF and µ-XANES measurements. Figure 37 shows the distributions of Ca, Fe, and Pu on 

this sample. As can be seen, several Pu and Fe hot spots can be found. Ca is heterogeneously 

distributed on the OPA thin section. Also in this sample, as in the sorption sample, there are 

some areas in which Pu was associated with Fe. The µ-XANES spectrum of the Pu hot spot 

showed that Pu(IV) is the dominating oxidation state after diffusion into OPA (Fig. 38). Due 

to  the  thickness  of  the  diffusion  sample,  it  was  not  possible  to  carry  out  any  µ-XRD  

measurements.  

 

 
Figure 37: µ-XRF mappings (200 × 200 µm, step size: 2 µm) of Fe, Ca, and Pu of sample 3 

prepared by diffusion of 2 × 10-5 M 242Pu  on  OPA.  A  XANES  spectrum  was  

recorded at spot 1 (Fig. 38).  
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Figure 38: Normalized Pu LIII-edge XANES spectrum measured on spot 1 marked in Fig. 37 

together with reproduction from IFTA. 

 

In  conclusion,  it  was  possible  to  determine  the  elemental  distributions  of  Ca,  Fe,  and  Pu  in  

OPA samples after sorption and diffusion experiments by µ-XRF. Bulk-XAS and µ-XANES 

measurments showed a complete reduction of Pu(VI) to Pu(IV) in all samples prepared under 

both aerobic and anaerobic conditions. These results are in good agreement with our pervious 

results  of  Pu  uptake  on  kaolinite  [77].  Furthermore,  preliminary  analysis  of  the  µ-XRD  

patterns indicates that siderite is one of the redox-active mineral phases of OPA, which 

determines the speciation on Pu after uptake on OPA. The obtained results indicate that OPA 

is a suitable host rock for high level nuclear waste disposal. 

4.3.2 CE-ICP-MS  
 

Redox speciation of Np(IV) and Np(V)  

A highly sensitive CE-ICP-MS method was developed for the speciation of Np(IV) and 

Np(V)  in  solution.  The  separation  of  the  two  species  was  performed  using  the  homemade  

capillary electrophoresis described in Sect. 2.2. 
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A stock solution containing 3.1 × 10-5 M Np(IV)  and  9.2  ×  10-6 M Np(V) was prepared by 

partial reduction of Np(V) with hydroxlammonium chloride. The content of Np(IV) and 

Np(V) was checked by liquid-liquid-extraction of Np(IV) with HDEHP in toluene and 

subsequent measurement of the activity in the organic and aqueous phases by liquid 

scintillation counting (LSC).  

Good  separation  of  Np(IV)  from  Np(V)  was  possible  with  the  described  CE-setup  using  a  

solution of 1 M acetic acid with pH 2.3 as background electrolyte and a voltage of 25 kV (Fig. 

39). During separation, an external pressure of 30 mbar was applied to prevent clogging of the 

capillary.  
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Figure 39: Electropherogram of a mixture of 3.1 × 10-8 M Np(IV) and 9.2 × 10-9 M Np(V). 

 

A dilution series was prepared by dilution of the stock solution. After the measurement of this 

series, the peak areas for Np(IV) and Np(V) were calculated and plotted versus the respective 

concentrations (Fig. 40). As expected, a linear increase of the peak areas with the 

concentration was observed in both cases. Therefore, it can be concluded that there is no 

significant loss of Np(IV) in the given concentration range due to sorption or oxidation during 

the CE separation with the chosen parameters. 
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Figure 40: Results from dilution series for Np(V) and Np(IV) obtained with CE-ICP-MS. 

 

 

Redox behavior of Pu(III) and Pu(IV) under aerobic condition [23] 

The redox behavior of different Pu oxidation states in OPA pore water and related solutions 

was studied under aerobic and anaerobic conditions using on-line coupling CE-ICP-MS. 

Several experimental parameters and setups were tested to optimize the separation 

performance [23]. It was found that the sample medium has a significant influence on the 

separation efficiency. Experiments with 50 ppb 239Pu(VI)  in  different  mixtures  of  0.2  M  

HNO3 and 1 M CH3COOH showed a better separation and a lower detection limit when the 

sample was prepared in a medium that had a similar composition as the electrolyte used in the 

capillary (1 M CH3COOH). The speciation of Pu in a mixture of 1:4 (HNO3/CH3COOH) was 

1.6 ± 0.1% Pu(III), 59.3 ± 3.0% Pu(IV), 33.5 ± 1.7% Pu(V), and 5.6 ± 0.3% Pu(VI).  

Kinetic measurements of 50 ppb Pu(III) in 1 M CH3COOH at pH 1.8 showed that Pu(III) is 

stable up to 40 minutes, i.e., during the typical measuring time for CE-ICP-MS. After a longer 

time Pu(III) is oxidized to Pu(IV) and Pu(VI).  

The redox stability of Pu(III)  and Pu(IV) in OPA pore water (pH = 7.6,  I  = 0.4 M), and for 

comparison in 0.2 M HNO3 (pH = 0.9) and 0.4 M NaClO4 (pH = 7.6) was investigated by CE-

ICP-MS under aerobic conditions. Freshly prepared stock solutions of Pu(III) and Pu(IV) 

were added individually to the different solutions. After a contact time of 5 days, aliquots 

were taken and analyzed by CE-ICP-MS to determine the speciation of Pu in solution. The 

pH/Eh values were measured directly after Pu addition and checked again after 5 days. 

Figures 41 and 42 show the electropherograms of 50 ppb Pu(III) and Pu(IV), respectively, in 

the investigated solutions after a contact time of 5 days. 
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Figure 41: Electropherogram of 50 ppb 239Pu(III) in different solutions after a contact time of 

5 days under aerobic conditions. 

 

Figure 42: Electropherogram of 50 ppb 239Pu(IV) in different solutions after a contact time of 

5 days under aerobic conditions. 

As can be seen from Figs. 41 and 42, higher signal intensities were obtained in all Pu(III) 

solutions compared to Pu(IV). This can be explained by the strong tendency of Pu(IV) to sorb 

on  tube  walls.  In  case  of  Pu(III)  the  obtained  signals  in  both  0.4  M NaClO4 and  OPA pore  

water are more intensive and better resolved compared to 0.2 M HNO3. The distribution of Pu 
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species (Tabs. 21 and 22) in each sample was obtained from the peak areas in the measured 

electropherograms.  

Table 21: Pu  species  and  Eh  values  of  50  ppb  Pu(III)  in  0.2  M  HNO3 (pH  =  0.9),  0.4  M  

NaClO4 (pH = 7.6), and OPA pore water (pH = 7.6) solutions after a contact time 

of 5 days under aerobic conditions. 

Species / % 
Solution SHE Eh/mV 

Pu(III) Pu(IV) Pu(V) Pu(VI) 

0.2 M HNO3 792 ± 50 45 ± 3 55 ± 3 0 0 

0.4 M NaClO4 602 ± 50 0 9 ± 1 88 ± 5 3 ± 1 

OPA pore water 520 ± 50 0 8 ± 1 89 ± 5 3 ± 1 

 

Table 22: Pu  species  and  Eh  values  of  50  ppb  Pu(IV)  in  0.2  M  HNO3 (pH  =  0.9),  0.4  M  

NaClO4 (pH = 7.6), and OPA pore water (pH = 7.6) solutions after a contact time 

of 5 days under aerobic conditions. 

Species / % 
Solution SHE Eh/mV 

Pu(III) Pu(IV) Pu(V) Pu(VI) 

0.2 M HNO3 800 ± 50 57 ± 3 43 ± 2 0 0 

0.4 M NaClO4 600 ± 50 0 0 100 ± 5 0 

OPA pore water 500 ± 50 0 51 ± 3 49 ± 3 0 

 

As can be seen from Tab. 21, at pH 7.6 the majority of Pu(III) was oxidized to Pu(V) in both 

NaClO4 and OPA pore water solutions. Table 22 shows that Pu(V) is the dominant species in 

0.4 M NaClO4 solution at pH 7.6, while in OPA pore water both Pu(IV) and Pu(V) are present 

with  about  50%.  The  measured  Eh  values  of  Pu(III)  and  Pu(IV)  in  all  solutions  agree  well  

with data from Takeno et. al. [83].   

Redox behavior of Pu(III) and Pu(IV) under anaerobic conditions [23] 

To investigate the redox behavior of Pu close to environmental conditions, the redox stability 

of Pu(III) and Pu(IV) was studied under anaerobic conditions (Ar atmosphere). Aliquots from 

Pu(III) or Pu(IV) stock solutions were added to 0.2 M HNO3 (pH = 0.9), 0.4 M NaClO4 (pH = 

7.6), or OPA pore water (pH = 7.6, I = 0.4 M). The Pu(III) and Pu(IV) concentrations were 30 

ppb in all samples. Eh and pH values were measured immediately after addition of Pu as well 
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as after 5 days. The speciation of Pu was analyzed by CE-ICP-MS after 60 min, 80 min, and 5 

days. Furthermore, the redox stability of a mixture of Pu(III) and Pu(IV) (each 50 ppm) was 

also investigated under same experimental conditions by CE-ICP-MS after a contact time of 5 

days.  

Figure 43 shows the distribution of the different Pu species in OPA pore water as a function 

of time after addition of 30 ppb Pu(III) under anaerobic conditions.       

 

Figure 43: Pu species as a function of time after addition of 30 ppb Pu(III) to OPA pore water 

(pH = 7.6) under anaerobic conditions. 

 

Figure 44 shows the distribution of the Pu species as a function of time after addition of 30 

ppb Pu(IV) to OPA pore water under anaerobic conditions.       
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Figure 44: Pu  species  as  a  function  of  time  after  addition  of  30  ppb  Pu(IV)  to  OPA  pore  

water (pH = 7.6) under anaerobic conditions. 

 

As can be seen from Figs. 43 and 44, under anaerobic conditions Pu(V) is the dominating 

species in OPA pore water after a contact time of 7 days independent of the initial Pu 

oxidation state. The oxidation of Pu(III) to Pu(V) in OPA pore water under anaerobic 

conditions was completed within the first hour. The Pu species after addition of 30 ppb Pu(III) 

or Pu(IV) to 0.2 M HNO3 (pH = 0.9), 0.4 M NaClO4 (pH = 7.6), and OPA pore water (pH = 

7.6) after a contact time of 7 days under anaerobic conditions are presented in Tabs. 23 and 

24. 

Table 23: Pu  species  and  Eh  values  of  30  ppb  Pu(III)  in  0.2  M  HNO3 (pH  =  0.9),  0.4  M  

NaClO4 (pH = 7.6), and OPA pore water (pH = 7.6) after a contact time of 7 days 

under anaerobic conditions. 

Species / % 
Solution 

SHE Eh / mV 

(after 5 days) Pu(III) Pu(IV) Pu(V) Pu(VI) 

0.2 M HNO3 647 ± 50 75 ± 4 4 ± 1 10 ± 1 11 ± 1 

0.4 M NaClO4 297 ± 50 0 0 32 ± 2 68 ± 4 

OPA pore water 334 ± 50 0 0 97 ± 5 3 ± 1 
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Table 24: Pu  species  and  Eh  values  of  30  ppb  Pu(IV)  in  0.2  M  HNO3 (pH  =  0.9),  0.4  M  

NaClO4 (pH = 7.6), and OPA pore water (pH = 7.6) after a contact time of 7 days 

under anaerobic conditions. 

Species / % 
Solution 

SHE Eh / mV 

(after 5 days) Pu(III) Pu(IV) Pu(V) Pu(VI) 

0.2 M HNO3 611 ± 50 99 ± 5 0 1 ± 1 0 

0.4 M NaClO4  469 ± 50 0 0 78 ± 4 22 ± 2 

OPA pore water  376 ± 50 0 0 99 ± 5 1 ± 1 

 

As can be seen, Pu(V) is the dominating species in OPA pore water under anaerobic 

conditions. In 0.4 M NaClO4 solutions at pH 7.6 a mixture of Pu(V) and Pu(VI) was found. In 

case of 30 ppb Pu(III) in 0.2 M HNO3, all Pu oxidation states were presented in solutions after 

7  days.  The  analogous  experiment  with  30  ppb  Pu(IV)  in  HNO3, only Pu(III) was detected 

after 7 days. Under anaerobic conditions, the measured Eh values in pore water solutions (for 

both Pu(III) and Pu(IV) experiments) were lower than for 0.4 M NaClO4 (pH 7.6), 0.2 M 

HNO3 and related Eh values under aerobic conditions.   

4.3.3 CE-RIMS 
 

Another aim of this work was to improve the sensitivity of speciation methods for Np and Pu. 

For the detection and speciation of Np and Pu at ultratrace level, offline coupling of CE and 

RIMS has been successfully applied. Pu samples for RIMS measurements were collected off-

line with the CE technique and filaments were prepared by electrodeposition and measured 

[23, 26]. Furthermore, RIMS was applied for first time to detect smallest amount of 237Np and 

to determine the oxidation states of Pu in supernatant after Pu sorption on OPA. 

 

RIMS measurements on 237Np 

 

The detection and speciation of Np at an ultratrace level require highly sensitive and selective 

methods. While the short-lived isotope 239Np can be detected by means of -ray spectrometry, 

only very few sensitive and selective methods exist for the detection 237Np. Due to its long 

half-life, radiometric methods are not sensitive enough, while most mass spectrometric 

methods are limited by isobaric interferences. 
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Therefore, we have developed a RIMS method for the detection of 237Np. In RIMS, sample 

atoms are evaporated from a heated filament and ionized by laser radiation of three different 

wavelengths. The laser ions are separated by a time-of-flight (TOF) mass spectrometer and 

finally detected by multi channel plate (MCP) detectors. The wavelengths of the laser 

radiation match three subsequent optical transitions of Np and are chosen to excite the atom 

into an autoionizing state (AI) in the last step. Since the involved optical transitions are 

unique to Np, this kind of ionization shows an outstanding selectivity for the element. 

The  samples  for  RIMS  are  prepared  by  electrodeposition  of  Np  from  a  20%  solution  of  

(NH4)2SO4 onto a Ta foil at a voltage of 14 V. After electrodeposition, the foil is covered by 

sputtering with a ~ 1 µm layer of Ti, which serves as a reducing agent.  

The laser setup consists of three tunable titanium-sapphire lasers (Ti:sa) with output powers of 

up to 3 W at a repetition rate of 10 kHz. The Ti:sa lasers are jointly pumped by a frequency 

doubled Nd:YAG laser (DM-60, Photonics Industries, Bohemia, NY, USA). Since the Ti:sa 

lasers in use can only generate radiation between 11500 and 14000 cm-1, the light of one laser 

has to be frequency doubled by a -barium borate crystal (BBO) to reach the ionization 

potential of Np at 50535 cm-1 with a three-step excitation scheme. 

Because only few energy levels of Np suitable for a three step excitation/ionization scheme 

with Ti:sa lasers were known, resonance ionization spectroscopy (RIS) was applied to identify 

such levels. The setup used for RIS is similar to one used for RIMS and also consists of three 

Ti:sa lasers. A graphite furnace loaded with ~1 µg Np was used as an atomic beam source in 

these experiments. Compared to the setup described above, this leads to a much higher 

ionization efficiency, but makes background suppression for thermally emitted ions 

impossible.  

In  order  to  identify  possible  second excitation  states  (SES),  frequency  doubled  light  from a  

Ti:sa laser was used to excite Np atoms into different first excitation states (FES) between 

24798 and 26264 cm-1 taken from literature [84]. A second Ti:sa was scanned across its 

tuning  range  to  populate  SES.  The  light  from  a  third  Ti:sa  was  introduced  for  nonresonant  

ionization of the Np atoms from the SES. In a separate experiment, two Ti:sa lasers were used 

to populate several SES identified previously, while the third laser was scanned in order to 

excite AI levels. Our experiments led to the identification of numerous previously unknown 

high-lying energy levels and AI states of Np [26]. Up to now, the most efficient ionization 

could be obtained with the excitation scheme shown in Fig. 45. Applying this scheme, an 

overall efficiency for the detection of 237Np of 2 × 10-6 could be demonstrated, which 

corresponds to a limit of detection of 1 × 107 atoms (4 fg). 
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Figure 45: Scheme for resonant excitation and ionization of 237Np and mass spectrum 

obtained with 4 × 1011 atoms 237Np yielding a detection efficiency of 2 × 10-6. 

 

RIMS measurements on 239Pu 

 

As already mentioned, CE-RIMS was carried out for the first time with real samples from 

batch experiments for the determination of the Kd values of Pu(III) and Pu(IV) sorbed on 

OPA.  At  first,  the  coupling  of  CE  to  RIMS  was  tested  by  determining  the  speciation  in  

samples which contained only Pu(III) or Pu(IV) at different concentrations of  0.05 ppt, 5.0 

ppt, and 500 ppt. The samples were prepared by mixing defined aliquots from freshly 

prepared  stock  solutions  of  Pu(III)  and  Pu(IV)  to  1  M  CH3COOH solution. The related 

fractions were separated by CE and the Pu content in each fraction was determined by RIMS. 

The results are shown in Tab. 25.  

 

Table 25: RIMS results of Pu(III) and Pu(IV) samples at different concentrations. 

Conc. / ppt 0.05 5 500 

Pu(III) fraction 2.77 × 106 2.04 × 109 4.39 × 108 

Pu(IV) fraction 1.88 × 107 1.88 × 109 1.91 × 109 

theo. atoms 107 109 1011 

 

As can be seen from Tab. 25, in case of the low concentrations (0.05 and 5 ppt) the number of 

atoms found in the Pu(III) and Pu(IV) fractions are rather close to the theoretically expected 

value of Pu atoms. However, for the higher concentration (500 ppt) the obtained values are 

too low, maybe duo to sorption effects on the wall of the capillary. The values given in Tab. 

25 for 0.05 ppt Pu are close to the detection limit of this method.  
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RIMS application for real Pu/OPA batch samples 

 

As shown before in Sect. 4.1, about 99% of initial Pu was removed from solution and sorbed 

on  OPA  in  a  short  time  and  only  1%  of  Pu  remained  in  the  solution.  At  this  very  low  Pu  

concentration, it is not possible to perform speciation studies by using conventional methods. 

Using CE-RIMS speciation investigation at ultratrace concentrations was possible. CE-RIMS 

was therefore applied for the first time to real samples from batch experiments of Pu(III) and 

Pu(IV) sorbed on OPA under anaerobic conditions in OPA pore water at pH 7.6. For each 

oxidation state, 2 samples with S/L ratios of 1.0 g/L (sample 1) and 10.0 g/L (sample 2) were 

chosen. After separation of the solid and liquid phases, aliquots from supernatants were taken 

and the Pu species were separated by CE. After preparing the filaments, RIMS analyses were 

carried out.  

For each sample, four filaments were prepared with the fractions 1 to 4 of "Pu(III)", 

"Pu(V)/Pu(VI)", "Pu(IV)", and the "Pu- background/not separated species", respectively.  

As  an  example,  Figs.  46  a  –  d  show  the  mass  spectra  of  fractions  1  –  4  of  the  sample  1        

(S/L = 1.0 g/L), where Pu(III) was added for the batch experiments. 

 
Figure 46a: CE-RIMS spectrum of fraction 1 (Pu(III)) of the sample 1. 
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Figure 46b: CE-RIMS spectrum of fraction 2 (Pu(V)/Pu(VI)) of sample 1. 

 

 
Figure 46c: CE-RIMS spectrum of fraction 3 (Pu(IV)) of sample 1. 
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Figure 46d: CE-RIMS spectrum of fraction 4 (Pu-background/not separated species) of 

sample 1. 

 

As can be seen from Figs.  46 a – d,  well  resolved mass spectra of the isotopes 239Pu, 240Pu, 
242Pu (as analysis isotope), 244Pu (as tracer isotope), and the molecular ion 238UO (as impurity 

in the sample) were obtained. A fluctuation in the amount of 239Pu/240Pu can be seen in the 

spectra. This is an indicator of a contamination in the samples. The 238UO content remains 

relatively constant.  

The determined atomic numbers of 242Pu were converted in content percentage, based on the 

total amount of 242Pu  atoms  in  each  of  the  four  filaments  of  the  samples  1  and  2.  The  

distribution of Pu species in the samples obtained from CE-RIMS analysis is given in Tab. 26.  
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Table 26: Species composition in sample 1 and 2 obtained from CE-RIMS analysis. 
242Pu atoms 

Pu(III)% Pu(V/VI)% Pu(IV)% Background% Sample 

Pu(III) batch experiment 

1 28.3 ± 4.8 23.8 ± 4.4 26.5 ± 7.0 21.3 ± 4.8 

2  40.8 ± 11.9 22.2 ± 7.1   37.0 ± 14.8 -a 

 Pu(IV) batch experiment 

1 25.9 ± 3.4 30.2 ± 3.6 16.6 ± 3.1 27.3 ± 4.5 

2 95.1 ± 6.7  2.8 ± 0.4   1.2 ± 0.3   1.0 ± 0.2 
a not analyzed filament 

 

As can be seen from Tab. 26, after sorption of Pu on OPA from a Pu(III)  solution, the pore 

water supernatant contained a mixture of Pu(III), Pu(V)/Pu(VI) and Pu(IV). In conclusion, the 

conditions (pH, Eh, ionic composition) in the pore water were oxidizing for Pu(III). A 

reducing effect due to the anaerobic environment and the OPA could not be observed. 

Analogous to the results of Pu(III), the supernatant after Pu(IV) uptake contained a mixture of 

Pu(III), Pu (V)/(VI), and Pu(IV).  

As  a  conclusion,  a  mixture  of  different  Pu  oxidation  states  in  supernatant  solutions  was  

obtained independent of the initial Pu oxidation state added to the suspensions. RIMS was 

successfully applied to real samples. It was possible to detect and determine the Pu species at 

ultratrace concentrations close to environmental conditions.  
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5 Summary  
The objective of this project was to investigate the main transport and retardation processes of 

the actinides, mainly neptunium (Np) and plutonium (Pu), for a repository of spent nuclear 

fuels in an accidental scenario. The aim of this study was to deliver input parameters for the 

performance assessment of a future repository. The results should improve the 

thermodynamic databases for the immobilization of actinides by clay rocks and allow an 

assessment of argillaceous rocks as potential host for nuclear waste disposal. 

The interaction of Np and Pu in their relevant oxidation states with natural Opalinus Clay 

(OPA) and the influence of humic acid (HA, M42) have been studied in detail. Furthermore, 

batch experiments with thorium (Th), uranium (U), and americium (Am) were performed for 

comparison.  

The sorption of Np(V) on OPA was studied in batch experiments as a function of various 

parameters. The results showed that Np(V) uptake is strongly influenced by pH, 

aerobic/anaerobic conditions, partial pressure of CO2, background electrolyte, ionic strength, 

and temperature. Stronger sorption was found under anaerobic conditions due to partial 

reduction of Np(V) to Np(IV). Under aerobic condition, the sorption decreases significantly at 

pH  >  9  duo  to  carbonate  complexation  in  aqueous  solution.  The  use  of  NaClO4 as  a  

background electrolyte leads to an overestimation of Np(V) sorption on OPA compared to 

OPA  pore  water.  It  was  also  confirmed  that  Np(V)  sorption  on  OPA  is  an  endothermic  

reaction. The influence of HA on the sorption of Np(V) and Pu(IV) on OPA was investigated 

as a function of pH, partial pressure of CO2 for Np, and solid-to-liquid ratio for Pu(IV). The 

mobilizing effect of HA on the sorption of Np on OPA (pH > 7.5) was more pronounced at 

higher Np(V) concentration. In case of Pu(IV), HA effects the sorption on OPA in pore water 

at pH 7.6 and reduces the Kd value by about one order of magnitude.  

Diffusion experiments of Np(V) with intact OPA bore cores were performed as a function of 

temperature and presence/absence of HA (M42) by using OPA pore water (pH = 7.6) as 

mobile phase. From these experiments the diffusion parameters were determined for the first 

time. 

The sorption of NpO2
+, UO2

2+, PuO2
2+, Pu3+, Am3+, Pu4+, and Th4+on OPA was investigated in 

batch experiments and distribution coefficients were determined. It was shown that the 

sorption of all actinides in OPA pore water (pH = 7.6) was proportional to the solid-to-liquid 

ratio  of  OPA.  The  Kd value depends on the oxidation state of actinide element. The tri- and 

tetravalent actinides are stronger sorbed on OPA with higher Kd values compared with hexa- 

and pentavalent actinides (U and Np), which are weakly sorbed.  
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Batch and diffusion experiments were combined with microscopic X-ray synchrotron 

radiation techniques (X-ray absorption spectroscopy (XAS), micro XAS (µ-XAS), micro X-

ray fluorescence spectroscopy (µ-XRF), and micro X-ray diffraction (µ-XRD)) to identify the 

sorbed  Np  and  Pu  species  on  the  surface  of  OPA.  XAS  measurements  on  bulk  samples  of  

Np(V) sorbed on OPA under anaerobic conditions show that Np(V) carbonate complexes are 

formed on the OPA surface. Under anaerobic conditions, inner-sphere sorption of a mixture of 

Np(V)  and  Np(IV)  was  observed.  In  the  case  of  Pu,  it  was  confirmed  that  Pu(IV)  is  the  

dominating oxidation state, independent of the initial Pu oxidation state, background 

electrolyte,  presence/absence of HA, and aerobic/anaerobic conditions. Inner-sphere sorption 

of  Pu(IV)  on  OPA  was  also  observed.  Additionally,  it  was  shown  that  the  type  of  OPA  

(aerobic or anaerobic) has a significant influence on the speciation of Pu on OPA. 

From µ-XRF measurements, the spatial distributions of Fe, Ca, Mn, and sorbed Np or Pu on 

OPA thin sections were determined. µ-XANES (micro X-ray absorption near-edge structure) 

measurements of Np and Pu hot spots showed a reduction of Np(V) to Np(IV) and of Pu(VI) 

to Pu(IV) in both sorption and diffusion samples. This result agrees well with EXAFS results 

on bulk samples.  Furthermore,  µ-XRD measurements performed around Np or Pu hot spots 

showed that pyrite and siderite are the redox-active mineral phases in OPA.  

The redox behavior of Pu under environmental conditions at trace level concentrations was 

studied using CE-ICP-MS (capillary electrophoresis coupled to inductively coupled plasma 

mass spectrometry) and CE-RIMS (capillary electrophoresis coupled to resonance ionization 

mass spectrometry). With the CE-ICP-MS method the limit of detection for all four oxidation 

states of Pu in solution could be reduced down to 0.5 ppb. 
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Wechselwirkung von Np und Pu in verschiedenen Oxidationszuständen mit dem natürlichen Opalinuston (OPA) aus Mont Terri, 
Schweiz, wurde detailliert studiert. Zum Vergleich wurden Experimente mit Thorium (Th), Uran (U) und Americium (Am) 
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In Batch-Experimenten wurde die Sorption von NpO2

+, UO2
2+, Pu3+, Am3+, Pu4+ und Th4+ an OPA in Porenwasser bei pH 7,6 

untersucht und die Verteilungskoeffizienten (Kd-Werte) bestimmt. Es konnte gezeigt werden, dass die drei- und vierwertigen 
Actiniden an OPA stark sorbieren und die Kd-Werte größer sind als für die fünf- und sechswertigen Actiniden, die nur schwach 
sorbieren. 
 
Detaillierte Studien zur Sorption von Np(V) an OPA in Abhängigkeit von pH, aeroben/anaeroben Bedingungen, CO2-Partialdruck, 
An- und Abwesenheit von Huminsäure, Hintergrundelektrolyt, Ionenstärke und Temperatur zeigten, dass diese Parameter die 
Sorption von Np(V) stark beeinflussen. 
 
In Diffusionsexperimenten mit intakten OPA-Bohrkernen und OPA-Porenwasser als mobile Phase wurden die Parameter für die 
Diffusion von Np(V) als Funktion der Temperatur in An- und Abwesenheit von Huminsäure erstmalig bestimmt. 
 
Die Speziation von Np und Pu an der OPA-Mineraloberfläche nach der Sorption bzw. Diffusion wurde mit verschiedenen 
Synchrotronstrahlungsmethoden (Röntgenabsorptionsspektroskopie (XAS), µ-XAS, Mikroröntgenfluoreszenz (µ-XRF) und 
Mikroröntgenbeugung (µ-XRD) ermittelt. Diese Experimente zeigten, dass Np(IV) und Pu(IV) die dominierenden Spezies bei der 
Sorption und Diffusion in OPA sind. Die µ-XRD Messungen bestätigten, dass Fe(II)-haltigen Mineralphasen (Pyrit und Siderit) die 
redoxaktiven Mineralphasen in OPA sind, die die Speziation von Np und Pu nach der Aufnahme durch OPA bestimmen. 
 
Für die Ultraspurenbestimmung von Np- und Pu-Spezies im umweltrelevanten Konzentrationsbereich wurden die CE-RIMS und 
CE-ICP-MS erfolgreich eingesetzt. 
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dienen als Eingangsparameter für die Langzeitsicherheitsanalyse eines nuklearen Endlagers. 
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