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1 INTRODUCTION 

1.1 Neptunium-237 

The radioactive actinide neptunium-237 is one of the major dose contributors in 

Spent Nuclear Fuel (SNF) after one hundred thousand years due to its long half-life of 

2.144 × 106 years (Hursthouse et al., 1991; Kaszuba and Runde, 1999; Zhao et al., 

2014). Neptunium-237 is produced directly from uranium (U-235 and U-238) by 

neutron activation and subsequent beta decay. Under natural conditions, neptunium 

exists in mainly two oxidations states, IV and V, of which the first is dominating under 

anoxic, mildly reducing conditions and the latter one under oxic conditions. In the 

tetravalent oxidation state neptunium hydrolyzes easily, is readily adsorbed on solid 

surfaces, and can form solid NpO2 depending on the prevailing environmental 

conditions, thus, making the actinide rather immobile. In mildly oxic groundwater 

conditions pentavalent neptunium is present as the neptunyl cation NpO2+ which is 

soluble, poorly sorbed by solid surfaces, and therefore easily migrates with the 

groundwater (Viswanathan et al., 1998; Kaszuba and Runde, 1999; Kozai et al., 2014). 

Therefore, the focus of this thesis was on the migration behavior of neptunium(V) in 

the presence of solid phases of relevance for the disposal of SNF, as described in the 

following chapters. 

1.2 Engineered barrier system for spent nuclear fuel disposal 

The engineered barrier system for the disposal of spent nuclear fuel in Finland 

consists of copper canisters with cast iron inserts, buffer material between the 

canister and the granitic bedrock, tunnel backfill material, and the bedrock itself 

(Hellä et al., 2014). The ceramic uranium pellets in the Zircaloy-coated fuel rods are 

packed in the copper canisters which provide corrosion protection for at least some 

hundred thousands of years. The cast iron insert provides mechanical protection 

against earthquakes and the pressure caused by the ice cap during the next glacial-

interglacial period (Pastina and Hellä, 2006). The buffer between the canister and 

bedrock protects the canisters from earthquakes, limits water intrusion into the near-

field of the waste canisters, and limits release of radionuclides if the canister fails. The 

tunnel backfill increases the stability of the tunnels and provides predictable 

mechanical, geochemical, and hydrogeological conditions for the canisters. The final 
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barrier is the bedrock itself which in Finland belongs to the Northern and Eastern 

Europe’s tectonically stable Fennosarmatian craton. The bedrock is mainly granite 

(53%) and migmatic rocks (22%). The migmatic gneiss makes the bedrock stable and 

protects the canisters from groundwater (Vieno and Nordman, 1999). The bedrock 

isolates the repository from the surface environment and approximately two meters 

of solid rock suppresses the radiation dose from the SNF to the level of natural 

background. (Hellä et al., 2014).  

 

Figure 1. Multi-barrier principle showing how the canisters will be set in the deep 

geological repository with bentonite. (Posiva Oy) 

In the following thesis, the role of the buffer barrier on the immobilization of 

neptunium(V) was investigated in detail. For this purpose, the buffer material 

bentonite was chosen for the studies, as it is considered as a buffer in several SNF 

repository concepts e.g. in Scandinavia, Switzerland, and France due to its low 

hydraulic conductivity, swelling ability and high specific surface area, which is prone 

to sorb radionuclides released from the SNF (Missana et al., 2003; 2011). The 

drawback of the bentonite buffer is its tendency to form mobile and stable colloids 

below the so called Critical Coagulation Concentration (CCC) (Lagaly and Ziesmer, 

2003; Tombácz and Szekeres, 2004; García-García et al., 2007). Such environmental 

conditions in the EBS could be reached due to dilution of groundwater after a possible 

glacial period. Thus, studies involving bentonite colloids in granitic environments, 
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simulating the potential migration of neptunium(V) with mobile colloids were 

included in this thesis. 

Bentonite consists of several mineral phases such as montmorillonite, muscovite, 

quartz, plagioclase, illite, tridymite, magnetite, gypsum and pyrite.  The main 

constituent, however, is the mineral montmorillonite 

((Na)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) which is a TOT-structured clay mineral. TOT 

refers to the different layers in montmorillonite, consisting of tetrahedral (T) Si(IV) 

units and octahedral (O) Al(III) units, see Figure 2. The cations in the different layers 

undergo ion replacement (e.g. Si4+ is replaced by Al3+) causing a permanent negative 

charge of the clay mineral. In addition, silanol and aluminol groups at the edge sites 

are responsible for so called pH-dependent charge, through protonation and 

deprotonation reactions of the surface hydroxyl groups depending on the 

surrounding pH.  

 

Figure 2. Typical two layer structure for smectites. For montmorillonite the black 

dots stand for aluminum (Grim 1968). 

Due to the relevance of montmorillonite in the bentonite buffer, both solid phases 

were chosen for this thesis as representatives for the buffer barrier in a final 
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repository for SNF. In addition, the aluminum oxide corundum (α-Al2O3) was used in 

parallel in some of the studies, to represent the aluminol groups on the 

montmorillonite surface. Actinide retention onto these solid components will be 

discussed in the following chapter.  

1.3 Sorption of actinides on EBS components 

 1.3.1 Sorption mechanisms 

Released actinides from the SNF may retain on the buffer material through various 

sorption mechanisms such as inner-sphere and outer-sphere complexation. In inner-

sphere complexation, a chemical bond is formed between the actinide and the surface 

oxygen atom(s). In outer-sphere complexation the positively charged actinide cation 

is being attracted to the negatively charged functional surface groups through 

electrostatic interactions. Cations that adsorb by outer-sphere complexation and are 

readily exchangeable with similar ions in solution, i.e. changes in the ionic strength 

may strongly influence the extent of outer-sphere sorption. The capacity of a mineral 

to retain a cation by ion exchange can be described with the Cation Exchange Capacity 

(CEC). 

Montmorillonite is known to readily retain radionuclides by cation exchange in the 

interlayer space (Birgersson and Karnland, 2009; Hartmann et al., 2011), or through 

surface complexation of the functional surface groups on the mineral edges 

(Bradbury and Baeyens, 2002; Sabodina et al., 2006; Zavarin et al., 2012). 

Radionuclide sorption on montmorillonite has been investigated in several studies 

(Marques Fernandes et al., 2012; Missana et al., 2014; Soltermann et al., 2014). 

However, only few studies investigating neptunium(V) uptake by montmorillonite 

can be found (Turner et al., 1998; Nagasaki and Tanaka, 2000; Bradbury and Baeyens, 

2006; Sabodina et al., 2006; Zavarin et al., 2012; Kozai et al., 2014). 

The double layer structure of montmorillonite allows formation of both outer- and 

inner-sphere complexes. Corundum (α-Al2O3) consists of hexagonal close packed 

layers of AlO6 octahedra, the hydroxyl groups deprotonate under alkaline conditions 

where formation of inner-sphere complex is possible. Since corundum does not have 

permanent surface charge and it has a rather high isoelectric point (IEP) where the 
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net surface charge is zero, it does not form outer-sphere complexes (Kupcik et al., 

2016). 

The bentonite buffer has been shown to have a strong sorption capacity for 

radionuclides in the tri- and tetravalent oxidation states (Zhao et al., 2008; Huber et 

al., 2011; Verma et al., 2014; Begg et al., 2015). Hexavalent uranyl(VI) uptake by 

bentonite has been shown to be dependent of the bentonite material and the 

environmental conditions (Missana et al., 2004; Bachmaf et al., 2008; Ren et al., 2010; 

Huber et al., 2011; Zong et al., 2015). Only few studies have been investigating the 

uptake of pentavalent radionuclides by bentonite, however, existing experiments 

have shown an increased uptake of neptunium(V) and plutonium(V) under alkaline 

conditions (Begg et al., 2015; Li et al., 2015; Sabodina et al., 2016). 

 1.3.2 Batch sorption studies 

Batch sorption experiments are the simplest way to investigate the removal of an 

actinide from solution, through attachment on a solid surface. In its simplest form, 

sorption is described by the sorption percentage according to equation 1.  

𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛 % =  
𝑐0−𝑐𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑐0
    (1) 

where c0 is the initial actinide concentration and cmeasured the actinide concentration in 

supernatant at the end of sorption experiment. 

The sorption percentage cannot be used to compare different sorbents, as the 

percentage is dependent on several parameters, such as the concentration of the 

actinide, the amount and the specific surface area of the solid phase. To account for 

the latter parameters, sorption distribution coefficients (Kd) are used to describe the 

sorption reaction, equation 2.  

𝐾𝑑 (
𝑚𝑙

𝑔
) =

𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑛𝑖𝑑𝑒 𝑠𝑜𝑟𝑏𝑒𝑑 𝑜𝑛 𝑠𝑜𝑙𝑖𝑑

𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑛𝑖𝑑𝑒 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
∗ (

𝑉

𝑚
)  (2) 

where V is the volume of the solution and m is the mass of the solid phase. 



9 
 

Thus, Kd describes the ratio between sorbed and non-sorbed cations in suspension. If 

the Kd-values are normalized with respect to the specific surface area of the sorbent, 

the distribution coefficient can be used to compare sorption capacities of different 

minerals and compounds. 

Finally, to account for concentration effects on the sorption reactions, adsorption 

isotherms, which describe the ratio between sorbed and non-sorbed actinide in the 

suspension as a function of actinide concentration, are used. Adsorption isotherms 

are plotted as the amount of sorbed species (mol/kg) against the amount of non-

sorbed species (mol/l). A slope of one for a sorption isotherm indicates that sorption 

is constant or ideal, whereas a slope below one speaks for surface site saturation, 

steric effects, or the presence of different types of sorption sites with differing 

complexation strength. In literature, these sites are referred to as strong and weak 

sites, where the former ones are less abundant and dominate the metal ion uptake at 

low actinide concentrations, while the latter site type is much more abundant and 

participates in the sorption reaction at higher overall actinide concentrations.     

In the present work neptunium(V) uptake by montmorillonite, corundum, bentonite 

colloids and Kuru gray granite were investigated as a function of pH in batch type 

experiments. The nature of the sorption sites (strong v.s weak sites) and possible 

saturation of the sorption sites were investigated as a function of neptunium 

concentration. These isotherm investigations were conducted for montmorillonite, 

corundum, and bentonite colloids. The effect of the solid concentration and sorption 

kinetics on the uptake of neptunium was investigated for montmorillonite. These 

experiments give valuable information about the optimum experimental conditions 

maximizing the amount of neptunium(V) sorption on the mineral surface. Batch 

sorption studies are typically performed under stagnant conditions. Therefore, 

conclusions about the neptunium(V) uptake behavior under flowing water 

conditions, which could exist after water ingress into the SNF repository, cannot be 

drawn. To investigate the influence of flowing water conditions, desorption 

experiments, where the background electrolyte was exchanged to a fresh one every 2 

to 3 days were performed to observe the reversibility of neptunium(V) uptake by 

montmorillonite and corundum. In addition to the desorption experiments, column 
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experiments were conducted. These experiments simulate the behavior of 

neptunium(V) in groundwater, where neptunium(V) can exist as mobile neptunyl 

cation and retain on the granitic bedrock or sorb on mobile bentonite colloids. 

Neptunium(V) retardation on granitic rock can be investigated in column 

experiments using a conservative tracer as reference, which elutes through the 

column without interfering with granitic rock. Influence of bentonite colloids on 

neptunium(V) migration was studied in the presence and absence of bentonite 

colloids to deduce whether the presence of bentonite colloids would enhance 

neptunium(V) migration through the column or not. 

 1.3.3 Spectroscopic speciation studies 

Batch sorption experiments do not provide information about the exact chemical 

species of neptunium on the mineral surface. Therefore, spectroscopic methods have 

to be used, which are capable of probing the direct actinide environment either on the 

solid phase or in suspension. In the present thesis, two independent spectroscopic 

methods, Attenuated Total Reflection Fourier Transform Infra-Red (ATR FT-IR) and 

Extended X-ray Absorption Fine Structure (EXAFS), were used to study the 

neptunium(V) sorption reaction on the chosen solid phases.  

ATR FT-IR spectroscopy can be used to determine sorption complexes in solid-water 

surfaces based on characteristic vibrational modes (Müller et al., 2012). In 

comparison to other spectroscopic methods, ATR FT-IR spectroscopy gives the 

opportunity to monitor the solid-water interface in situ, instead of freezing and 

exposing samples under vacuum when there is a risk that the nature of a chemical 

bond could change (Lefevre, 2004). ATR FT-IR spectroscopy provides information 

about reactions at the interface between a solid surface and the aqueous phase at a 

molecular level. Based on the stretch vibration frequency of the An=O bond, 

conclusions can be drawn whether the formed chemical bond is coordinated inner 

spherically with surface sites or whether it is less specifically adsorbed by 

electrostatic or hydrophobic attractions to the surface (Hug and Sulzberger, 1994). 

Since inner-sphere complex formation includes a change in the actinide coordination, 

a change in position of the absorption band can be seen. For outer-sphere complexes 

only a small change of the absorption band position in comparison to the aquo ion is 
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expected. The method is based on reaction induced difference spectroscopy where a 

single beam IR spectrum of the stationary phase (in this study the mineral film) is 

continuously recorded while being rinsed with an eluent. First, the stationary phase is 

flushed with a blank solution in order to equilibrate the mineral film and ensure its 

stability. After that, the mineral film is being flushed with eluent containing sorbing 

cations or anions. Since the spectrum of the mineral film is being recorded with an 

acquisition time of 30 s, ATR FT-IR spectroscopy enables the monitoring of the 

sorption process with a time resolution of less than a minute. As cations adsorb on 

the mineral surface, the following adsorption changes can be observed in the 

difference spectrum of the mineral film before and after cation introduction. During 

the final step of the measurement, the mineral film is flushed again with the blank 

solution, which gives information about the reversibility of the sorption process 

(Müller et al. 2012). Neptunium(V) sorption on other mineral oxide surfaces such as 

TiO2, Al(OH)3 and Fe2O3 has been investigated in previous studies (Müller et al., 2009, 

2015; Gückel et al., 2013) using ATR FT-IR spectroscopy, these results indicated 

formation of an inner-sphere complex on these mineral surfaces. 

EXAFS is based on x-ray absorption by the actinide and, thus, the resulting absorption 

spectra are unique to each element due to different electron binding energies. EXAFS 

gives detailed information about atomic distances, coordination number and species 

of the neighboring atoms of the absorbing atom. EXAFS is element-specific method 

where a core level electron absorbs energy of an incident X-ray photon which results 

in the formation of a photoelectron which is emitted. An absorption edge can be 

observed in measurements when the energy of an X-ray photon corresponds to the 

binding energy of the core level electron. Possible neighboring atoms may cause 

scattering of the already emitted photoelectrons by the absorbing atom, if the 

absorbing atom will reabsorb the scattered photoelectron it will affect its absorption 

coefficient (Newville, 2004). Spectroscopic speciation investigations for 

neptunium(V) uptake by montmorillonite has been done by Wendt (2009). These 

EXAFS results suggested the formation of an inner-sphere complex on the 

montmorillonite surface.  
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2 EXPERIMENTAL 

2.1 Material characterization 

 2.1.1 Montmorillonite 

The montmorillonite purified from Wyoming Volclay MX-80 bentonite used in this 

study was used as received from B+Tech Oy. X-ray diffraction (XRD) experiments 

were performed for the montmorillonite to study the potential presence of impurities 

in the mineral. The montmorillonite was found to contain small amounts of quartz 

and paragonite, which could have been transferred from MX-80 bentonite during 

purification (Kumpulainen and Kiviranta, 2010). Microelectrophoresis (Zeta Sizer 

Nano, Malvern Instruments) was used to measure the surface ζ-potential of 0.25 g/l 

montmorillonite in 10 mM NaCl suspension under N2-atmosphere. A constant 

negative charge throughout the investigated pH range (3 – 11) was observed, i.e. no 

isoelectric point (IEP) could be assigned to the material. The specific surface area of 

montmorillonite was measured with the N2-BET technique, and was found to be 49.8 

m2/g. Characterization data on all materials are listed in Table 1. 

Table 1. Characterization data on montmorillonite, MX-80 bentonite, Kuru grey 

granite, and corundum. 

 
Montmorillonite 

MX-80 
bentonite 

Kuru grey 
granite 

Corundum 

IEP [NaCl] constant negative 
charge* 

-  8 – 9*** 8.8** 

specific 
surface 
area 
[m2/g] 

49.8* 28.9* - 14.5** 

grain size 
[µm] 

-  - 100 – 1000* 150 – 200** 

* This study 
** Kupcik et al., 2016 
*** Charalambos P., 2001; Chen T. et al., 2013 
 

 2.1.2 Bentonite colloids 

Bentonite colloids were prepared from Wyoming Volclay MX-80 bentonite which has 

been shown to consist of 79.1% smectite, 7.5% muscovite, 4.4% quartz, 3.1% calcite, 

1.7% plagioclase and other minor impurities (Kumpulainen and Kiviranta, 2010). The 
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N2-BET technique was used to define the specific surface area of bentonite and it was 

found to be 28.9 m2/g.  

The colloid solutions were prepared by mixing 5 g of solid MX-80 bentonite powder 

with 500 ml of 10 mM NaClO4. The suspensions were allowed to equilibrate for 7 days 

under shaking before separating colloids from the suspension. Separation was done 

by centrifuging the suspension for 20 min at 12000 × g (12000 rpm) and the 

remaining colloid size fraction was measured with Photon Correlation Spectroscopy 

(PCS). The mean size was found to be approximately 200 – 300 nm. In experiments 

where a constant pH was required, the colloid suspensions were prepared by 

buffering the 10 mM NaClO4 to pH 8, 9 or 10 with 10 mM TRIS (tris-hydroxymethyl-

aminomethane, pH 8) or CHES ((cyclohexylamino)ethanesulfonic acid, pH 9 and 10). 

 2.1.3 Corundum 

Corundum (α-Al2O3) was provided by Taimei Chemicals Tokyo, Japan (TAIMICRON-

DAR). The surface area for corundum was found to be 14.5 m2/g, more detailed 

characterization data is compiled in Kupcik et al. (2016). Corundum was used as 

received in this study. 

 2.1.4 Kuru gray granite 

The Kuru gray granite was provided by Kuru Quarry, Tampereen kovakivi Oy, and has 

been characterized in Hölttä et al. (2004; 2008). The Kuru gray granite consists of 

36% potassium feldspar, 35% quartz, 21% plagioclase, 8% amphibole and micas. The 

total porosity of the granite was found to be 0.47% in Jokelainen et al. (2009). For the 

neptunium(V) batch sorption experiments, the granite was crushed and sieved so 

that the final particle size was ranging from 0.1 to 1 mm in diameter. For column 

experiments, an intact drill core column was used.  

2.2 Paper I: Neptunium(V) uptake by montmorillonite and corundum 

 2.2.1 Sorption and desorption studies 

The uptake of neptunium(V) by montmorillonite and corundum was investigated in 

Paper I. The batch sorption studies described in this paragraph were modeled using 

DDL model and the speciation of actinide on the two mineral surfaces were 

investigated with ATR FT-IR and EXAFS spectroscopies (see section 2.2.2). 



14 
 

Neptunium uptake by montmorillonite was investigated in carbonate free conditions 

in order to exclude the formation of neptunium-carbonato complexes that influence 

the uptake and speciation of neptunium on the mineral surface. Comparative sorption 

studies were conducted with corundum to elucidate the role of aluminol groups in the 

sorption reaction. The background electrolyte for all of the sorption experiments was 

10 mM NaClO4 and the neptunium concentration in the experiments (excluding the 

isotherms) was 10-6 M. For the isotherm investigations, a constant pH was achieved 

with buffer solutions tris-hydroxymethylaminomethane (TRIS, pH 8) and N-

cyclohexyl-2-aminoethanesulfonic acid (CHES, pH 9 and 10). The sample pH was 

adjusted with 0.01 – 1 M HClO4 and NaOH solutions. The neptunium concentration for 

isotherms ranged from 0.001 to 5 µM. The solid was separated from the liquid either 

after 7 or 30 days equilibrium time and a one milliliter aliquot was taken for liquid 

scintillation counting (LSC). The amount of sorbed neptunium was measured with 

LSC (Tri-Carb 3100 TR or Quantulus) using α/β-discrimination to separate out the β 

disintegrations from the Np-237 daughter nuclide Pa-233. 

Neptunium uptake by montmorillonite was investigated as a function of pH, 

neptunium concentration, time, and solid concentration. Samples were prepared by 

adding neptunium and a small aliquot of concentrated montmorillonite solution (2.5 

or 20 g/l in 10 mM NaClO4 so that the final concentration of 0.5 or 5 g/l was achieved) 

in polypropylene tubes or polyethylene vials. The pH in the neptunium experiments 

ranged from 4 to 11. The solid phase was separated from the liquid by centrifugation 

(min. 3080 g/60min) either after 7 or 30 days of equilibration time.  

Neptunium uptake by corundum was investigated using only one solid concentration 

of 0.5 g/l and as a function of pH. Additional isotherm experiments were performed…. 

The corundum investigations were minor due to existing batch sorption and isotherm 

data that can be found in Virtanen et al. (2016). 

Neptunium(V) desorption was investigated in two different experimental set-ups in 

similar experimental conditions where the sorption experiments had been performed 

i.e. neptunium concentration of 10-6 M, solid to liquid ratio of 5 g/l, 10 mM NaClO4 as 

background electrolyte and equilibration time of 7 days. First experiments were 
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conducted for both montmorillonite and corundum at pH 8, 9 and 10, after 

equilibration time of 7 days, the background electrolyte was exchanged to a fresh one 

on every 2 – 3 days. These experiments simulate the final phase in ATF FT-IR 

spectroscopy studies where the mineral film is being flushed with blank solution after 

sorption phase. Second desorption experiment was done only for montmorillonite, in 

this experiment, after 7 days of equilibration; the pH was decreased to 5. Desorption 

was followed from one hour up to 15 days, the purpose of this experiment was to 

compare whether the sorption and desorption kinetics are the same. 

 2.2.2 Spectroscopic speciation studies 

Batch sorption studies alone are not sufficient to give detailed information about the 

actual surface complexation on water-mineral surface, spectroscopic methods are 

essential while investigating surface processes (Lefevre, 2004). Thus, the sorption of 

neptunium(V) on montmorillonite and corundum was investigated with ATR FT_IR 

and EXAFS spectroscopies.  

In the present work Infrared spectra were measured from 1800 to 600 cm-1 on a 

Bruker Vertex 70/v vacuum spectrometer, equipped with a Mercury Cadmium 

Telluride (MCT) detector. The spectral resolution was 4 cm-1 and spectra were 

averaged over 256 scans. A horizontal diamond crystal with nine internal reflections 

(DURA SamplIR II, Smiths Inc.) was used. The mineral film was prepared by pipetting 

either corundum or montmorillonite suspension on top of ATR diamond crystal, and 

allowing he mineral film to dry under gentle nitrogen flow. The procedure was 

repeated until the average mass density reached 0.2 mg/cm2. Preconditioning of the 

mineral film was performed by flushing the mineral film with blank solution (0.01 M 

NaCl, pH 10) for 60 minutes using a flow cell at a flow rate of 100 µl/min. In the 

following sorption step, the mineral film was flushed for 120 min with 0.01 M NaCl 

(pH 10) solution containing neptunium(V).  During the final conditioning step, the 

mineral film was flushed for 60 min with a blank solution (0.01 M NaCl, pH 10) to see 

if desorption occurs. Due to overlapping of vibrational regions for H2O and NpO2+, all 

solutions were prepared in deuterated water (D2O). 
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The XAS samples were prepared in 10 mM NaCl at pH 9 or 10 using 5 g/l corundum 

or montmorillonite and 20 µmol/l neptunium(V) concentrations. After equilibration 

time of one week, the solid phase was separated from supernatant by centrifugation 

at 3830 g (6000rpm/60min). The solid phase was transferred to a Teflon sample 

holders which were sealed with Teflon lids. Sample preparation was performed 

under N2-atmosphere and stored in liquid nitrogen until XAS measurements. 

Both XANES and EXAFS were collected at the Rossendorf Beamline (ROBL) at the 

European Synchrotron Radiation Facility (ESRF). Np LIII-edge was measured utilizing 

a Si(111) double-crystal monochromator under ring operating conditions of 6 GeV 

and 150 – 200. X-rays were collimated with a flat meridionally-bent 140-cm long Rh-

coated silicon mirror. The spectra were collected at 15 K in fluorescence mode with 

gas-filled ionization chambers and a 13-element solid state detector (IF, Canberra). 

Energy calibration of the collected spectra was performed by the simultaneous 

measurement of reference Y foil. At minimum average of four spectra were gathered 

for further analysis. Data was analyzed with WinXAS (version 3.2) following standard 

procedure (Koningsberger and Prins, 1988). EXAFS theoretical fitting was performed 

both in k-space and R-space. EXAFS theoretical phase and amplitude required for the 

theoretical fitting were calculated by the programme code FEFF 8.20 (Ankudinov et 

al., 1998) based on the hypothetical cluster “hydrated NpVO2+ sorbed on gibbsite” 

employed by Gückel et al. (2013) and Virtanen et al. (2016). The threshold energy, 

Ek=0, was defined at the first XANES inflection point of each spectrum. The amplitude 

reduction factor,𝑆0
2, was fixed at 0.9, while the shifts in Ek=0 were varied but 

constrained to the same value for all the shells. 

 2.2.3 Surface complexation modeling 

The surface complexation modeling was done for neptunium(V) batch sorption 

experiments on montmorillonite using a rather simple Diffuse Double Layer (DDL) 

model. The model was applied using PHREEQC (version 3.1.5-9113) (Parkshurst and 

Appelo, 2013) coupled with the software UCODE2005 (Poeter et al., 2006). 

Parameters used in the surface complexation modeling were surface site density (SSD 

= 6.24 × 10-5 mol/g mineral), surface protolysis constants (logKa1 = -6.05, logKa2 = -
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7.79) and specific surface area (As = 49.8 m2/g). IEP point of 6.92 was calculated using 

above mentioned protolysis constants. 

2.3 Paper II: Neptunium(V) uptake by bentonite colloids and Kuru gray 

granite 

 2.3.1 Batch sorption studies 

In Paper II the focus of the sorption investigations was to elucidate the role of 

bentonite colloids on the migration of neptunium(V) in granitic rock under stagnant 

(batch type experiments) and flowing water (column experiments) conditions. 

The neptunium uptake studies by bentonite colloids were conducted both in N2– and 

open atmosphere. The experiments under N2 atmosphere were conducted similarly 

to the montmorillonite experiments described above, while the studies at ambient 

conditions were conducted to support the column experiments (see section 2.3.1) 

which were conducted without the exclusion of atmospheric CO2. Colloid solutions 

were prepared from the MX-80 bentonite under constant rotation for 14 days and the 

colloidal phase was separated from the solid by centrifugation (12 000 g/20 min). 

The colloid solutions were directly prepared into the final background electrolyte of 

NaClO4, TRIS buffered NaClO4 (pH 8) or CHES buffered NaClO4 (pH 9 and 10). The 

colloid concentration for the pH-edge in N2-atmosphere was 0.08 g/l and in open 

atmosphere 0.8 g/l, and the investigated pH range was from 4 to 11. The isotherm 

investigations were conducted only in N2-atmosphere at pH 8, 9, and 10 with colloid 

concentrations of 0.1 g/l, 0.06 g/l and 0.2 g/l, respectively.  

As the column experiments were conducted under ambient atmosphere the 

neptunium uptake investigations by crushed Kuru gray granite were also conducted 

under ambient atmosphere. The solid content of crushed Kuru gray granite was 40 

g/l in each sample and neptunium uptake by Kuru gray as a function of pH was 

investigated in the range from 4 to 10. 

 2.3.2 Column experiments 

Column experiments were conducted in order to investigate the influence of 

bentonite colloids on neptunium(V) migration. Experiments were conducted under 

flowing water conditions in a 28 cm long drill core column with a diameter of 1.4 cm, 
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which was placed in a 30 cm long Glass Econo-Column with a diameter of 1.5 cm. 

Thus, the gap between the intact drill core column and the glass tube formed a 0.1 cm 

flow channel resulting in total liquid volume of 6.4 ml in the column. The height of the 

column was adjusted with a Bio-Rad Flow Adaptor. The drill core column has been 

preconditioned by ultrasonicating in ethanol to remove any dust or other remnants of 

the drilling procedure. The experimental set-up in the absence of colloids consisted of 

a background electrolyte which was continuously pumped through the column. In the 

presence of colloids the background electrolyte solution was exchanged to a solution 

containing bentonite colloids. An injector loop of known volume (12 µL) was used to 

inject the tracer (either Np-237 or Cl-36) into the column. The flow direction in the 

drill core column was from bottom to top in order to exclude effects of gravitation. 

Breakthrough of the tracer was determined by using a fraction collector. Earlier, the 

same intact drill core column was used in parallel in block-scale experiments (Hölttä 

et al., 2008) where flow rates 0.3 and 0.8 ml/h were used, thus, the same flow rates 

were used in this study. A conservative tracer (Cl-36) was used to determine flow 

properties of the drill core column. Concentration used for Cl-36 was 8.7 × 10-2 M 

which despite the high concentration dilutes fast in the total column volume of 6.4 ml, 

and is diluted by a factor of ten in the first 0.5 cm.  

For neptunium(V) column experiments, a concentration of 2 × 10-4 M was used. This 

concentration is diluted in the first 2 cm of the column to highest concentration used 

in the isotherm experiments (5 × 10-6 M). Column experiments with neptunium were 

performed both in the presence and absence of bentonite colloids of concentration 

varying between 0.08 and 0.32 g/l.  

Column experiments were conducted at two different flow rates 0.8 and 0.3 ml/h in 

order to investigate the influence of sorption kinetics on neptunium(V) breakthrough. 

For environmental conditions i.e. pH, pH 8 and 10 were chosen based on batch 

sorption experiments for montmorillonite extracted from MX-80 bentonite.   

 2.3.3 Analytical modeling of column experiments 

The breakthrough curves of chloride and neptunium(V) from the intact drill core 

were modeled using the analytical solution of advection-matrix diffusion equation in 
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cylindrical coordinates. The used model takes into account 1D diffusion in the flow 

field in direction of advection, 1D radial diffusion in the rock matrix, sorption on 

mineral surfaces in the rock matrix and the channeled flow field between the 

cylindrical sample and the pipe surrounding the sample.  

3 RESULTS 

3.1 Batch sorption investigations of neptunium(V) uptake by EBS constituents 

 3.1.1 Sorption in the absence of carbonates 

Adsorption 

The adsorption of neptunium(V) on corundum, montmorillonite, and bentonite 

colloids was investigated in the absence of carbonates (Papers I and II). 

Neptunium(V) uptake curves as a function of pH are shown in Figure 3 for all three 

materials.  

 

 

Figure 3. Neptunium(V) uptake by montmorillonite, bentonite colloids and corundum 

as a function of pH after 7 days equilibration. Figures above are presented as log Kd 

(l/kg) and figures below as adsorption percentages. Neptunium(V) concentration 10-6 

M in 10 mM NaClO4 and equilibration time of 7 days. 

After 7 days of equilibration, neptunium(V) uptake by corundum and 

montmorillonite show increase in sorption at pH 7 and higher (Fig. 3). Neptunium(V) 

uptake by bentonite colloids remains constant at 7 – 15% throughout the investigated 
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pH range. The pH-edge for neptunium(V) uptake by bentonite colloids does not show 

similar behavior as for montmorillonite and corundum where a significant increase in 

sorption can be seen at pH 7. Neptunium(V) sorption on bentonite colloids is not pH 

dependent indicating that the sorption mechanism is not the same inner-sphere 

complex nature as suggested for corundum and montmorillonite based on the 

spectroscopic investigations later discussed in section 3.2 At pH 8, neptunium(V) 

sorption by both montmorillonite and corundum increase sharply indicating 

deprotonation of the aluminol groups on the mineral surface and adsorption of 

neptunium(V). For montmorillonite, a constant sorption of approximately 10% is 

seen at pH below 7. Such behavior cannot be observed for corundum, which has a 

rather high IEP at 8.8. The negatively charged planar sites of montmorillonite attract 

positively charged neptunyl cation, and neptunium(V) is sorbed by ion exchange 

under acidic conditions.  

Neptunium(V) uptake by montmorillonite, corundum and bentonite colloids was also 

investigated as a function of neptunium(V) concentration to gain more information 

about the nature of the sorption sites. The isotherm results at are presented in Fig 4. 
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Figure 4. Neptunium(V) uptake by montmorillonite, corundum and bentonite colloids 

as a function of neptunium(V) concentration 10-9 – 5 × 10-6 M at pH 8 and 9 for 

corundum, and pH 8, 9 and 10 for montmorillonite and bentonite colloids. 

Background electrolyte was 10 mM NaClO4 in 10 mM TRIS (pH8) or 10 mM CHES (pH 

9 and 10).  

Isotherms for montmorillonite, corundum and bentonite colloids are all linear with a 

slope of approximately 1 indicating that at pH 8, 9, and 10, only one type of sorption 

site is available in each experiment. As the pH increases, the sorption isotherms for 

montmorillonite and corundum shift to towards higher sorption on the mineral 

surface. This behavior is well in accordance with the uptake experiments performed 

as a function of pH (Fig. 3). Neptunium(V) uptake by bentonite colloids behaves 

similarly at pH 8 and 9, however, the sorption isotherm at pH 10 shows less sorption 

capacity than the one performed at pH 8. This could be due to different colloids 

concentration used in the colloids solution and inaccuracy of the colloid 

concentration calibration curve (Paper II). Sorption sites can be divided into strong 
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and weak sorption sites, cation exchange can be considered as weak sorption 

mechanism, and surface complexation as strong sorption mechanism. In Fig. 3 for 

corundum and montmorillonite, a sharp sorption edge can be seen at approximately 

pH 7, indicating dominance of strong sorption sites, this behavior cannot be seen for 

bentonite colloids. The constant neptunium(V) uptake by bentonite colloids 

throughout the investigated pH range indicates that weak sorption sites, i.e. cation 

exchange, are responsible  for neptunium(V) uptake by bentonite colloids. The linear 

shape of the isotherms for all minerals indicate that only one type of surface site is 

responsible for neptunium(V) uptake. Therefore, formation of a strong sorption 

complex on the colloid surface is unlikely. 

Desorption 

Desorption of neptunium(V) from montmorillonite and corundum simulating flowing 

background electrolyte conditions was investigated in desorption experiments 

(Paper I). 

 

Fig. 5. Neptunium(V) replenishment experiments as adsorption percentage after 

replacing the background electrolyte every 2 – 3 days from corundum (left) and 

montmorillonite (middle) at pH 8, 9 and 10. Kinetic sorption (closed symbols) and 

acidic desorption (open symbols) experiments of neptunium(V) as a function of time 

(right). Neptunium(V) concentration 10-6 M in 10 mM NaClO4. 
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Fig. 5. (left and middle) shows the results of the desorption replenishment 

experiments where the background electrolyte was exchanged every 2-3 days (open 

symbols) or every 7 days (closed symbols) for corundum and montmorillonite. For 

both minerals the extent of desorption decreases as the pH increases, indicating the 

formation of a surface complex at higher pH which is more tightly bound on the 

mineral surface than at more acidic conditions. For corundum, the extent of 

desorption was independent from the exchange interval of either 2 – 3 or seven days 

at all investigated pH conditions. For montmorillonite, neptunium(V) was found to 

desorb by 75% at pH 8 independent of the exchange interval. At pH 9, a difference 

between two different exchange intervals could be seen as the extent of desorption 

for the 7 day exchange interval is slightly higher. The desorption studies clearly show 

that neptunium(V) uptake by the investigated minerals is reversible, even at alkaline 

conditions. The pH-dependent differences in the desorption behavior further imply 

that different surface complexes with differing desorption kinetics form on the 

mineral surfaces. Formation of two different surface complexes is supported by the 

ATR FT-IR studies and surface complexation modeling as later discussed in section 

3.3. No influence of the exchange interval could be seen for neptunium(V) desorption 

at pH 10. 

The results of the acidic desorption experiments show that a constant sorption of 

approximately 15% was obtained after 50 hours acidifying the sample (Fig. 5, right). 

This behavior where neptunium(V) no longer desorbs from the montmorillonite 

surface after reaching plateau at 15% is an indicator of ion exchange. 

 3.1.2 Sorption in the presence of carbonates 

Neptunium(V) uptake by bentonite colloids and crushed granite in the presence of 

carbonates was investigated to simulate the column experiments that were 

conducted under the same conditions (Paper II). 
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Fig 6. Neptunium(V) uptake by MX-80 bentonite colloids and crushed granite as a 

function of pH under ambient atmosphere. Results presented as sorption percentage 

(left) and as Kd m3/kg (right). Neptunium(V) concentration 10-6 M in 10 mM NaClO4 

and equilibration time of 7 days. 

In Fig. 6 and 3, no difference can be seen between neptunium(V) uptake by bentonite 

colloids under N2- and ambient atmosphere, indicating that neptunium(V) carbonate 

complex can be excluded from the column experiments performed at pH 8 and 10. 

The difference in the Kd values under ambient and N2-atmosphere can be explained 

with the inaccuracy of the calibration used to calculate curve colloid concentrations 

below 1 g/l, used colloid concentrations were 0.08 g/l for N2 and 0.8 g/l for ambient 

atmosphere. Unlike neptunium(V) uptake by montmorillonite and corundum, no 

increase in sorption can be seen throughout the pH range where sorption remains 

constant. 

In Fig. 6. for crushed granite, pH dependent sorption can be seen above pH 7, 

however, the overall sorption percentage of 80% and Kd of 0.1 m3/kg remain rather 

low. Reduction of neptunium(V) reduction into neptunium(IV) is not observed in this 

study as it has been seen in other studies investigating neptunium(V) uptake by 

granite (Kumata and Vandergraaf, 1998; Kienzler et al., 2003; Park et al., 2012). The 

pH dependent sorption of neptunium(V) onto crushed granite was used to select the 

experimental conditions for column experiments based on the Bolzmann fit on the 

neptunium(V) sorption onto crushed granite as a function of pH. 
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3.2 Spectroscopic investigations of neptunium(V) sorption on 

montmorillonite and corundum  

 3.2.1 ATR FT-IR spectroscopy 

ATR FT-IR spectroscopy is based on changes in absorption on the mineral film. Since 

inner-sphere complex formation includes a change in the actinide coordination, a 

change in position of the absorption band can be seen. Outer-sphere complexation 

does not include changes in the coordination chemistry, thus absorption band does 

not differ significantly from the one originating from the mobile actinide cation. ATR 

FT-IR spectroscopy provides information about the sorption process in situ and 

under flowing background electrolyte conditions. These results can be compared with 

the batch desorption studies were the background electrolyte was changed regularly 

to simulate flowing background electrolyte conditions. The behavior of neptunium(V) 

in these studies give an prediction how neptunium(V) behaves in the column 

experiments. Time resolved infrared spectra of neptunium(V) sorption on corundum 

(A) and montmorillonite (B) are presented in Fig 7 (Paper I). 

 

Fig. 7. In situ time resolved ATR FT-IR spectra of neptunium(V) sorption on corundum 

(A) and montmorillonite (B) at pH 10. Red traces for the first step “conditioning”, 

black traces for the second step “sorption” and blue traces for final step “flushing”. 



26 
 

Neptunium(V) concentration 50 µM, 0.01 M NaCl in D2O, N2-atmosphere and mineral 

concentration of approximately 0.2 mg/cm2. 

For corundum, a stable mineral film throughout the experiment, indicated by the 

constant baseline, was obtained (Fig. 7, A, red traces). For montmorillonite, a strong 

negative vibration can be seen at approximately 1100 cm-1 which can be attributed to 

vibrations of the silanol groups on the montmorillonite surface (Fig. 7, B, red traces). 

The negative peak is larger at the final step of flushing, indicating that 

montmorillonite is slowly removed from the mineral film during the experiments. 

However, the difference between the initial and final mineral film spectra is only 5%. 

An absorption band at 790 cm-1 can be attributed to the antisymmetric stretching 

mode v3 of adsorbed neptunium(V). The rather large shift of this stretching mode in 

comparison to the neptunium aquo ion at 820 cm-1 (Jones and Penneman, 1953, 

Müller et al., 2009; 2015), is an indication of inner-sphere complex formation No 

other absorption bands can be seen for the minerals, indicating that only one surface 

species is present. Surface sites for corundum and montmorillonite are saturated 

after 60 and 15 minutes, respectively. During the final flushing step, surface species 

that are easily removable can be observed. The absorption band at 790 cm-1 vanished 

for both minerals, indicating that complete desorption of neptunium(V) has occurred. 

For corundum this was not expected as the desorption experiments did not show 

significant desorption from the mineral surface. Thus, the experimental conditions in 

the desorption studies do not fully describe the experimental set-up in ATR FT-IR 

experiments where the mineral film was constantly flushed by the background 

electrolyte. Similar desorption of inner-sphere bound neptunium(V) from TiO2 and 

Al(OH)3 surfaces was not observed by Müller et al. (2009) and Gückel et al. (2013). In 

the study by Müller et al. (2015) neptunium(V) uptake by hematite was investigated 

and similar desorption of neptunium(V) was seen as in this study. The slight tailing 

seen at the neptunium(V) v3 stretching for montmorillonite could be an indicator of 

another surface complexation species. However, the relatively low sorption 

percentage of neptunium(V) and high absorbing background generated by the 

functional surface groups of montmorillonite hamper the resolution of the ATR FT-IR 

spectra. Due to the high removal of neptunium(V) from the montmorillonite surface 

under flowing water conditions, our desorption and ATR-FT-IR experiments serves as 
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a first indication of a low adsorption, and subsequently small influence of mobile 

colloids under flowing water conditions, as discussed in section 3.4. 

 3.2.2 X-ray absorption spectroscopy 

EXAFS provides detailed information about the coordination chemistry, bond lengths, 

neighboring atoms and oxidation state of the actinide complex on mineral surface. In 

this study, EXAFS samples and the speciation studies were performed for both 

montmorillonite and corundum. XAS measurements for montmorillonite showed a 

zirconium impurity, which is interfering with the neptunium(V) EXAFS region. The 

Np LIII-edge XAS spectra for montmorillonite is presented in Fig 8. 
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Fig 8. Neptunium(V) LIII-edge XANES spectra for neptunium(V) adsorbed on 

montmorillonite and the zirconium impurity Zr K-edge (17.998 keV) at pH 9. 

Due to this zirconium impurity on montmorillonite, further EXAFS measurements 

were performed for corundum only. The EXAFS spectra for corundum samples at pH 

9 and 10 and their corresponding Fourier transforms (FTs) are presented in Figure 9. 
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Fig. 9. k3-weighted Np LIII-edge XANES spectra for neptunium(V) adsorbed on 

corundum at pH 9 and 10 (left) and the corresponding Fourier transforms (right). 

Solid line presents the measured data and dashed lines theoretical fitting. Phase shifts 

are not corrected in the FT’s. 

It can be seen in Fig. 9 that the prevailing neptunium species was confirmed by 

shoulder at 17.63 keV of the Np LIII-edge XANES spectra for corundum. This 

characteristic shoulder is originating from the trans-dioxo arrangement of neptunyl 

ion in the samples (Soderholm et al., 1999), thus confirming that neptunium is in its’ 

pentavalent form. The EXAFS theoretical curve fitting resulted in highest FT peak at R 

+ ∆ = 1.4 Å which can be attributed to the two axial oxygens of the neptunium(V) 

cation. The second FT peak at R + ∆ = 2.0 Å was assigned as ligand coordination in the 

equatorial plane of the neptunium(V) cation (Ikeda-Ohno et al., 2008). The EXAFS 

samples contained only water, NaCl, corundum and neptunium(V), thus, possible 

ligands could be neptunium(V) hydroxide complexes. However, the ATR FT-IR studies 

did not imply existence of such complexes, and formation of neptunium(V) hydroxide 

complexes at pH 10 is unlikely (Müller et al., 2015). Neptunium(V) complexation with 

Cl- in these experimental conditions has been proven to be negligible (Allen et al., 

1997) which leaves water and aluminol surface groups on corundum surface as 
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possible ligands for neptunium(V). EXAFS theoretical fitting resulted in interatomic 

distances of 1.86 Å (Np-Oax) and 2.45 – 2.46 Å (Np-Oeq), this is well in agreement with 

results obtained for neptunium(V) adsorption on gibbsite (Gückel et al., 2013). The 

third peak in the theoretical FT fitting could be either single scattering of Al on 

corundum surface or multiple scattering from linear Oax-Np-Oax neptunium cations, 

which is in agreement with neptunium(V) sorption on gibbsite (Gückel et al., 2013) 

and hematite (Arai et al., 2007). A possible edge-sharing neptunium(V) species on 

corundum surface would result in Np – Al distance of 3.33 – 3.38 Å. 

3.3 Surface complexation modeling 

 

Fig. 10. Modeling results for neptunium(V) uptake by montmorillonite at two 

different solid to liquid ratios 0.5 g/l (left) and 5 g/l (right) as a function of pH in 10 

mM NaClO4.  

In Fig. 10 the modelling results for the experimental data of neptunium(V) uptake by 

0.5 g/l and 5 g/l montmorillonite as a function of pH is shown. Ion exchange reaction 

following the Gaines-Thomas convention as implemented in PHREEQC (Appelo and 

Parkhurst, 2013) was used for fitting the sorption data below pH 7.2 where constant 

sorption by ion exchange was observed. For the second step, sorption edges for both 

0.5 and 5 g/l montmorillonite in 10 mM NaClO4 a bidentate surface complexation 
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reaction supported by the spectroscopic speciation studies was used. At first, fitting 

was performed using a monodentate surface complex, however, this did not fit the 

sorption data, and was further not supported by the spectroscopic speciation studies. 

For successful fitting, ion exchange and two pH dependent surface species were 

needed. The first species could be assigned as the bidentate inner-sphere complex 

supported by both ATR FT-IR and EXAFS data. The second species, which did not 

require deprotonation of functional surface groups a, was not supported or implied 

by the spectroscopic investigations, however, it was necessary for surface 

complexation modeling. This species could be assigned as an outer-sphere complex 

and it was supported by the slight tailing seen in the ATR FT-IR absorption band. 

3.4 Column experiments 

In Paper II, Neptunium(V) uptake by crystalline granitic rock and bentonite colloids 

was investigated under stagnant conditions in batch-type experiments and the role of 

stable and mobile bentonite colloids on the migration of neptunium(V) through intact 

granite rock columns was investigated under flowing water conditions. The column 

experiments were performed in a Kuru gray granite column under ambient air both 

in the absence and presence of bentonite colloids. The flow through properties of the 

drill core column were investigated by following the migration of a conservative 

chloride tracer through the column. 

 3.4.1 Cl-36 
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Fig. 11. Measured (symbols) and modeled (solid line) breakthrough curves of Cl-36 

through intact drill core column in the absence of bentonite colloids. The chloride 

concentration in the injected tracer volume was 8.7×10-2 M.  

The flow through properties of the intact Kuru grey granite column was investigated 

using a conservative tracer Cl-36 at to different flow rates, 0.8 and 0.25 ml/h, to 

mimic the experimental set-up for neptunium(V) and bentonite colloid break 

through. In Fig. 9 the breakthrough of Cl-36 is depending on the flow rate as expected, 

slight tailing for both curves can be seen. Similar behavior has been observed by Park 

et al. (2012) where tailing was assigned to dispersion in the column. The velocity 

scaling is not constant between all measurements, indicating that the intact drill core 

column has been slightly displaced in the glass tube, which further influences the flow 

paths.  

 3.4.2 Neptunium(V) and colloids 

 

Fig. 12. Measured (symbols) and modeled (solid lines) breakthrough curves of 

neptunium(V) through intact drill core column in the absence (red symbols) and 

presence (blue symbols) of bentonite colloids at pH 8 (solid symbols) and 10 (open 

symbols). 
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Neptunium(V) migration in the Kuru grey intact drill core column in the absence and 

presence of bentonite colloids at two different flow rates, 0.3 and 0.8 ml/h, and pH 8 

and 10 are shown in Fig. 12. The colloid breakthrough was determined from the 

neptunium(V) experiment in the presence of colloids only at pH 8 and a flow rate of 

0.3 ml/h. For other neptunium(V) breakthrough experiments in the presence of 

bentonite colloids at pH 8, 0.8 ml/h and pH 10, 0.3 ml/h, the colloid breakthrough 

curves were measured in separate experiments without the presence of 

neptunium(V). The colloid recovery for the flow rate of 0.8 ml/h was 80 ± 9% 

throughout the experiments. For the 0.3 ml/h flow rate the colloid recovery was 

varying between 98% and 65% in the beginning, after 125 hours a decrease in 

recovery down to 20% can be seen. This implies that colloids are filtered into 

stagnant areas of the flow channel or tubing. A similar behavior cannot be seen for 

neptunium(V) indicating that neptunium(V) is migrating in the aqueous phase. For 

the 0.3 ml/h flowrate, the pre-peak position is approximately 20 h for both 

experiments in the absence and presence of bentonite colloids. For the higher flow 

rate the situation is a bit different, the pre-peak position is not constant, indicating 

that the intact drill core must have moved in the glass column changing the flow 

environment. Due to neptunium(V) sorption onto Kuru gray granite, the slope for the 

breakthrough peak is not as steep as for chloride. Similarly for the late breakthrough 

curve, only matrix diffusion is not sufficient to explain the breakthrough behavior. 

Sorption at the late breakthrough curve is further supported by the difference 

between the curves for 0.8 ml/h at pH 8 and 10. The breakthrough peak maximum at 

pH 10 is not as high as for pH 8, and the neptunium(V) recovery is decreasing slower 

than that of pH 8. The influence of bentonite colloids on neptunium(V) breakthrough 

is negligible for both flow rates and at pH 8 and 10. Neptunium(V) uptake by 

bentonite colloids remained at approximately 10% in the batch sorption experiments, 

however, for crushed granite batch sorption experiments neptunium(V) uptake by 

crushed granite increases from approximately 35% to 65%. This significant 

difference should affect neptunium(V) breakthrough via colloid sorption at pH 10, 

though no influence of bentonite colloids is seen at the flow rate of 0.3 ml/h. For the 

lower flow rate no retention of neptunium(V) to the column material can be seen. 

However, the colloid breakthrough is varying largely in contrast to neptunium(V) 

indicating that neptunium(V) would be in its aqueous form. Neptunium(V) 
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breakthrough at flowrate 0.8 ml/h show a difference in the absence and presence of 

bentonite colloids, for the former, a steeper breakthrough curve can be seen. This is 

indicating that neptunium(V) retention in the presence of bentonite colloids to the 

intact drill core column would be higher. This could be explained by colloid sorption 

onto intact drill core column, providing more sorption sites for neptunium(V), or by 

clogging colloids could interrupt the flow path of neptunium(V).  

4 CONCLUSIONS 

In this study neptunium(V) retention on EBS constituents, i.e. bentonite and 

montmorillonite, the model mineral phase corundum, and granitic rock was 

investigated by batch type experiments and spectroscopic methods. The influence of 

bentonite colloids on neptunium(V) migration was investigated by column 

experiments.  

The results showed that neptunium(V) is rather well retained on these solid phases 

under stagnant water conditions in the alkaline pH range, which is expected to prevail 

in a final repository for spent nuclear fuel in granitic rock (Hellä et al., 2014). 

Combined EXAFS studies and modelling result showed that several types of 

neptunium(V) species co-exist on the clay mineral surface, ranging from cation 

exchanged neptunium(V) on permanent negative surface groups on the mineral 

surface to pH-dependent outer-sphere and inner-sphere complexes in the 

circumneutral to alkaline pH range. Despite the predominance of inner-sphere sorbed 

neptunium(V) above pH 9, the sorption reaction was found to be highly reversible in 

combined batch desorption experiments and ATR-FT-IR spectroscopic investigations, 

simulating flowing water conditions. The reversibility could be confirmed in the 

column experiments where only a very low amount of neptunium(V) adsorption onto 

the granitic column material could be observed in the breakthrough curves for 

various flow velocities despite that a much higher retention of neptunium(V) was 

obtained in the batch sorption studies under stagnant water conditions. No influence 

of bentonite colloids on the neptunium(V) breakthrough in the granite columns could 

be established at these flowing water conditions, most likely due to the low retention 
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of neptunium(V) on the low amount of colloid material and the high reversibility of 

the sorption reaction.  

The results imply that the crystalline granitic rock and bentonite buffer have a 

negligible effect on neptunium(V) retardation in case of canister failure and release of 

neptunium(V) to the flowing groundwater. In stagnant pore waters, neptunium(V) 

will retain on the solids phases. In addition, the eroding bentonite colloids from the 

buffer to the groundwater seem to have no enhancing effect on neptunium(V) 

migration under mildly oxic flowing groundwater conditions in the final repository. 

This implies that the most important mechanism for neptunium(V) retardation under 

the above-mentioned conditions in the bedrock is matrix diffusion into the rock 

matrix.  
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