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Abbreviation list 

ATR FT-IR   Attenuated Total Reflection Fourier Transform Infra-Red 

BET   Brunauer, Emmett, Teller –theory 

CEC   Cation Exchange Capacity 

DLS   Dynamic Light Scattering 

DLVO-theory  Derjagin, Landau, Verwey, Overbeek –theory 

EBS   The Engineered Barrier System 

HLW   High Level Waste 

KBS-3V  Kärn Bränsle Säkerhet 3-Vertical, (Nuclear fuel safety) 

LSC   Liquid Scintillation Counting 

PZNPC   Point of Zero Net Proton Charge 

PSD   Pulse Shape Discriminator 

RN   Radionuclide  

SNF   Spent Nuclear Fuel 

TRLFS   Time Resolved Laserinduced Fluoresence Spectroscopy 

TRU   Transuranium Elements 

XPS   X-Ray Photoelectron Spectroscopy 
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1. Introduction 

In Finland, the deep geological repository for SNF is going to be 400 – 450 meters 

beneath the surface in crystalline granitic bedrock. Posiva Oy is constructing the 

repository in Olkiluoto at Eurajoki. The repository is designed to last at least 100 000 

years. There will be four different barriers; the uranium fuel itself, copper-iron 

canister (technical barrier), bentonite clay buffer (geotechnical barrier) and granitic 

bedrock, isolating the radionuclides from the biosphere.  

The nuclear waste consists of uranium and its’ fission products (Figure 1). The most 

abundant RN in nuclear waste is U-238 and only 1 % of the waste is TRU, including 

Np-237. After one million years, when plutonium and americium have decayed, 

neptunium becomes the prevailing RN in terms of radioactivity. Neptunium is 

produced in the irradiation of uranium and is part of the nuclear waste from the 

beginning of the deep geological repository. The amount of Np-237 is increasing 

because it is a decay product of Am-241 (Lehto, Hou 2011). Thus, the long lived 

neptunium isotope Np-237 (2,144 x 106 y) is an actinide of concern in safety 

assessments of SNF repositories. 
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Figure 1. Activity of high level nuclear waste in one ton of spent fuel (IAEA 1992) 

Colloids formed from bentonite may significantly contribute to the long-term 

performance of a SNF repository. Several studies (Puls 1992; Kersting et al. 1999; 

Vilks, Baik 2001; Novikov et al. 2006) have shown that the colloid-facilitated 

transport is very noteworthy for actinide migration because colloids have a high 

specific surface area. For the colloid-facilitated radionuclide migration it is necessary 

that colloids exist, that they are mobile and they have low reversibility for the 

radionuclide complex (Schäfer et al. 2012). In granitic ground natural organic and 

inorganic colloids exist, which can form radionuclide-bearing colloids and enhance 

the radionuclide transport in the final repository (Ryan, Elimelech 1996). Colloids can 

detach from the bentonite clay buffer, crushed bentonite back-fill, copper-iron 

containers, grouting materials or from the used fuel rods (Lahtinen et al. 2010). The 

erosion of minerals or the precipitation of inorganic/organic particles from the 

ground water forms the colloidal particles (Geckeis et al. 2011). It is known that 

radionuclides are strongly adsorbed on smectites and therefore retained by the 

geotechnical barrier, which mainly consists of the smectite montmorillonite. Thus, the 
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colloids generated from the EBS might act as radio colloids. The main functional 

groups of the montmorillonite surface are the silanol and aluminol groups. However, 

the aluminol groups are regarded as the main adsorption sites for radionuclide 

attachment (Turner et al. 1998). Neptunium sorption onto montmorillonite has been 

studied only by a few groups (Bradbury, Baeyens 2006; Turner et al. 1998; Zavarin et 

al. 2012). 

The aim of this master’s thesis was to study the sorption of pentavalent neptunium 

Np(V) onto bentonite colloids, montmorillonite and corundum under simplified but in 

environmentally relevant conditions. The sorption process onto bentonite colloids, 

montmorillonite and corundum was studied by conducting batch sorption 

experiments. The chemical nature of the complex between neptunium and 

montmorillonite or corundum was studied by Zeta potential and ATR FT-IR 

(Attenuated Total Reflection Fourier Transform Infra-Red spectroscopy) 

measurements. Within this study ATR FT-IR spectroscopy has for the first time 

successfully been employed to study neptunium speciation on montmorillonite or 

bentonite colloids. The experimental part of this work was done at the University of 

Helsinki (UH) and at Helmholz-Zentrum Dresden-Rossendorf (HZDR). 
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2. Disposal of spent nuclear fuel 

In Finland, electricity is produced in two nuclear power plants at Olkiluoto (OL-1 and 

OL-2) and Loviisa (Lo-1 and Lo-2) and the fifth reactor (OL-3) is under construction 

at the Olkiluoto site. TVO and Fortum, the operators of the nuclear power plant sites, 

have estimated that the total amount of spent nuclear fuel to be produced during the 

operation of all four reactors will be 2840 canisters (5530 tU) of the spent fuel 

(Pastina 2006). 

The final disposal of spent nuclear fuel in geological formations has been studied in 

many countries since the beginning of 1980’s. Finland is a leading country in 

implementing the spent nuclear fuel repository. It is estimated that the repository in 

Olkiluoto will be in use from year 2020 onwards ( Figure 2). Since year 1996, Posiva 

Oy, established by TVO and Fortum, is responsible for planning, construction and 

operation of the disposal of the SNF in Finland.  

 

 Figure 2. The plan for designing, construction and operation of the final disposal 

repository for spent nuclear fuel in Finland (Posiva Oy). 

2.1 KBS-3 concept 

According to the Decision-in-principle 2001, Posiva Oy is preparing a geological 

repository to be constructed at the Olkiluoto site in Eurajoki, Finland based on the 

KBS-3V concept (SKB 2010). The safety of the repository is based on multi-barrier 

principle (Figure 3) (Hellä et al. 2014) as explained in the previous chapter. The 

ceramic uranium pellets within the gas-tight metal rods are solid and dissolve in 
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water very slowly. Copper-iron canisters containing SNF are emplaced vertically in 

individual deposition holes bored in the floors of the deposition tunnels at a depth 

of 400 – 450 meters. The container (Figure 4) consists of an inner spherical cast iron 

layer and the outer layer is copper. The 5 cm copper crust will protect the canister 

from corrosive effects of the ground water and it has been discovered that it will take 

at least some hundreds of thousands of years for the containers to corrode (Posiva 

Oy). The inner cast iron layer is designed to make the containers tough and solid 

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

interglacial period (Pastina 2006). The canisters will be surrounded by swelling clay 

buffer material, bentonite, which separates them from the bedrock. The bentonite 

blocks prevents or delays the water from reaching the containers and it will, in 

addition, provide sorption sites for radionuclides released from a damaged canister. 

Bentonite is also very elastic and will protect containers from earthquakes. After the 

emplacement of the canisters and the buffer material, the tunnels will be filled with 

backfill material, consisting of clay blocks and pellets. Clay is a material of low 

permeability resulting in low water conductivity and long-term chemical stability. 

The backfill prevents the tunnels from turning into flow routes for groundwater, it 

also maintains the mechanical stability of the tunnels and prevents the canisters from 

moving. In addition backfill seals up the final disposal facilities in such a manner that 

the conditions inside the bedrock will be restored as closely as possible to the natural 

conditions preceding the excavation of the facilities. The near field is regarded to be 

important when considering the safety of the repository.  
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Figure 3. Multi-barrier principle showing how the canisters will be set in the deep 

geological repository with bentonite. (Posiva Oy) 

 

Figure 4. On the left side is the copper container and on the right side is the cast iron 

container, in which the spent fuel will be put. (Posiva Oy) 

The Final barrier is the bedrock which in Finland belongs to the Northern and Eastern 

Europe’s tectonically stable Fennosarmatioan craton. Most of the rock (53 %) is 

granite and 22 % is migmatic rocks (Sandberg 2004). The migmatic gneiss makes the 

deep geological repository very stable and protects the containers from ground 

water. Only two meters of solid rock will suppress the radiation to the level of natural 

background (Vieno 1999). 
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3. Colloids 

In the previous chapter the possibility of colloid formation from various components 

in the EBS was discussed. Hence, colloids are relevant from the repository safety 

point of view. Based on the formation of radionuclide bearing colloids they can be 

divided in two different groups; intrinsic colloids and carrier colloids, which will be 

discussed in the following chapters. In addition many studies have demonstrated that 

the aqueous speciation of tetravalent actinides is very often dominated by actinide or 

intrinsic colloid formation (Kim, Kanellakopulos 1989; Lieser et al. 1990; Olofsson et 

al. 1982).  

3.1 Definition 

A colloidal dispersion is a system in which nanoscale particles of any nature (e.g. 

solid, liquid or gas) are dispersed in a continuous phase of a different composition 

(Everett 1972). In this connection, colloids can be anything organic or inorganic as 

long as its size is between 1 nm – 1 µm and it stays in suspension. Due to its surface 

charge and small size colloids tend to stay in suspension. The small size assures high 

surface area and the large amount of functional groups guarantees high reactivity 

(Lead et al. 1997). 

3.2 Colloid stability 

The DLVO (Derjaguin, Landau, Wervey and Overbeek) theory is often used to describe 

or predict the colloid stability in a given environment. The theory combines attractive 

Wan der Waals –forces that draw the colloids together and repulsive electric double 

layer forces preventing two particles from approaching one another causing 

aggregation. In high ionic strength the colloids tend to aggregate when the colloidal 

charge exceeds the charge of the double layer. Respectively in low ionic strengths the 

colloids stay in suspension while the double layer barrier prevents colloids to 

flocculate. The stability of clay colloids has been studied, for example, by Le Bell 

(1978), Karnland (2005) and Wold, Eriksen (2005). 

Bentonite colloids can adsorb considerable amounts of radionuclides and the 

surrounding rock acts as a competing surface for the radionuclide adsorption. 

Previous studies (Olofsson et al. 1982; Lieser et al. 1986; Kim et al. 1989; Nagasaki et 

al. 1998) show that especially tetravalent radionuclides adsorb to colloids due to 
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their low solubility as hydroxides and their polymerization tendency. The formation 

of colloids was investigated by Missana et al. (2003) in a column experiment which 

simulated the bentonite rock barrier in flowing water circumstances. It turned out 

that most of the colloidal particles were bentonite colloids. The pH affects the colloid 

stability more than the surface charge of the colloid does, as the charge of the edge 

sites of bentonite is strongly dependent of the pH and it is shown that only at pH 

higher than 8 the edge charge is negative. It is also shown that temperature has an 

effect on colloid stability. It is known that rise in temperature accelerates aggregation 

but the exact mechanisms are not yet known. Aggregation can be sped up by 

Brownian motion, temperature dependent electrolyte behavior, or surface charge 

fluctuations. The aggregation process of bentonite colloids is seen in the Figure 5 

(Alonso et al. 2006). 

 

Figure 5. Processes describing the transition of a stable colloidal suspension to 

aggregated particles sedimenting in solution (DLVO theory) (Alonso et al. 2006). 

3.3 Intrinsic colloids 

Tetravalent actinides (e.g. Pu(IV), Am(IV)) are rather insoluble and can form colloids 

themselves by polymerizing. These intrinsic colloids are generated when the 

hydrolyzed actinides polymerize via anions (Schäfer et al. 2012). The actinides can 

form polymerized complexes when the hydrolyzed actinide condensates. This kind of 

complex formation increases the solubility of actinides, thus increasing the mobility. 

This kind of colloid formation is called intrinsic colloid formation (Geckeis et al. 

2011). 
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3.4 Organic colloids 

Organic colloids are nanoscale particles which are organic. Such organic particles are 

fulvic and humic acids (macromolecules), degrading organic material or microbes 

(Schäfer et al. 2012). 

3.5 Carrier colloids 

Carrier colloids are formed when actinide attaches to the surface of a colloidal 

mineral particle (Schäfer et al. 2012). Colloids can be formed from degraded EBS 

materials such as the bentonite clay barrier, copper-iron canister and grouting 

materials. Release of natural colloids from the minerals can be enhanced due to 

drilling and excavation. 

3.5.1 Bentonite colloids 

The bentonite barrier is considered a potential source of colloids. Bentonite clay is 

known to disperse in water and form stable colloidal suspensions (Laaksoharju, Wold 

2005). The bentonite erosion process is presented in Figure 6. In order for bentonite 

erosion to take place, the viscous force exerted by the flowing water on the particles 

of the clay gel must exceed the average particle bond strength in the order of 0.6 to 6 

MeV for the waters of low salinity (Pusch et al. 1992). 

 

Figure 6. The bentonite erosion process and the migration of radionuclide bearing 
bentonite colloids in granitic rock (Euratom 2012). 

Colloids, formed from eroded bentonite buffer and back-fill are considered important 

in the repository (Laaksoharju, Wold 2005; Pastina 2006). Bentonite colloids consist 

of the same minerals and cations as bentonite (Lahtinen et al. 2010). The formation of 
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free colloidal particles presumes hydration, swelling and extrusion of clay into the 

pores in rock. Hence, it has been seen that especially from sodium montmorillonite 

noticeable amount of colloids are being formed. 

The mobility of bentonite colloids is difficult to predict because of the surface charge, 

colloid interactions with the surrounding rock surface, water flow, geochemical 

circumstances and colloid size distribution that all strongly affect the mobility of 

bentonite colloids. The Grimsel test site is an underground laboratory in Switzerland 

and it is designed for scientific studies of the long term behavior of the EBS in the 

deep geological repository. In the Grimsel test site it was acknowledged that part of 

the bentonite colloids migrated unretarded with the aqueous media and the other 

fraction of colloids retarded and slowly eluted through the granite. Fluctuations in the 

behavior were caused by the particle size and the flow rate. However, the reactions 

causing certain colloids to retard and others to mobilize could not be resolved 

(Alonso et al. 2006). 

3.6 Colloid mediated radionuclide migration 

It is generally accepted that colloid mediated transport of radionuclides may be 

significant for the long-term performance of a spent nuclear fuel repository. Field-

scale studies at hazardous waste sites in Nevada test area US and in Majak area in 

Russia have shown that colloid transport can enhance the actinide migration 

(Kersting et al. 1999; Novikov et al. 2006). 

Laboratory experiments testing colloid facilitated transport have confirmed that 

colloids can accelerate the transport of cationic and anionic metals through porous 

and fractured media (Artinger et al. 1998; Puls 1992; Torok et al. 1990; Vilks, Baik 

2001). 

The relevance of colloid mediated radionuclide migration depends on the presence of 

dissolved radionuclides and the formation of stable and mobile colloids. The 

interaction mechanisms of colloids and radionuclides in the interface of bentonite 

barrier and bedrock and in a water conducting fracture are illustrated in Figure 6. In 

addition to the stability and mobility of colloids, the adsorption of the radionuclides 

in relevant groundwater conditions has to be irreversible (Schäfer et al. 2012; Geckeis 

et al. 2011). 
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Inorganic and organic colloids are present in natural groundwater (Ryan, Elimelech 

1996). The erosion of minerals or the precipitation of inorganic/organic particles 

from the groundwater forms the colloidal particles (Degueldre et al. 1996). High 

groundwater flow produces mechanical forces that favor the detachment of colloidal 

particles (Ryan, Gschwend 1994). Flow rates in a deep repository are assumed to be 

low so that such processes are considered less relevant and natural colloid 

concentrations especially in Olkiluoto saline groundwater conditions are very low 

(Takala, Manninen 2006). 
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4. Montmorillonite 

Montmorillonite is the main component of bentonite. As earlier discussed the nuclear 

waste containers are going to be surrounded by bentonite buffer. For this reason it is 

important to study, how the main component of the barrier is going to interact with 

the possible radioactive leakage. Knowing the structure and chemical properties of 

montmorillonite it is possible to predict the reactions in the final repository. 

Montmorillonite has one octahedral unit that consists of Al(III) which is coordinated 

with oxygen (Figure 7). The tetrahedral parts are surrounded by oxygen coordinating 

Si(IV). The one octahedral unit is surrounded by two tetrahedral units forming a 10 Å 

thick platelet. The chemical formula of sodium montmorillonite 

(Na)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O is achieved when the aluminum shares its oxygen 

atoms with the two silica layers. The negativity of the planes are caused by the Si(IV) 

ion exchange with Al(III), Fe(II) or Mg(II). To obtain neutrality, montmorillonite binds 

sodium and other cations as counter ions. The stability of the double layer clay is 

strongly dependent of the ion concentration of the solution. The final structure of the 

clay material consists of tactoids which are formed by platelets (Segad et al. 2010). 

The general formula of montmorillonite is 

����� �����	
�������
���������	 

in which X is either sodium or calcium ion, for montmorillonite y > x (Langmuir 

1997). 
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Figure 7. Typical two layer structure for smectites. For montmorillonite the black 
dots stand for aluminum (Grim 1968). 

Montmorillonite has on its edge sites hydroxyl groups which cause dominating 

negative charge in alkaline conditions. It is shown in alkalimetric and acidimetric 

titrations that montmorillonite edge sites have PZNPC (point of zero net proton 

charge) at pH 6.1. Because of the double layer structure of montmorillonite, two 

reactions, proton exchange at the layer site and the protonation at the edge sites, 

takes place simultaneously. The permanent charge of montmorillonite is caused by 

the ion replacement in the layer sites, e.g. Al3+ for Si4+. The cation exchange can be 

expressed with Equation 1.  

�� + ��� = �� + ���														��     (1) 

In which the Kx is the acidity constant. At the edge sites the charge is caused by pH-

dependent protonation and dissociation reactions of the hydroxyl groups. The 

amphoteric character of the hydroxyl groups can be illustrated with two equations (2 

and 3) which express the protonation and deprotonation reactions for the edge sites.  

≡ ����� ⟺≡ ��� + ��														����      (2) 

≡ ��� ⟺≡ ��
 + ��																	����      (3) 
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where ≡ ���; ����� and ��
 are the different hydroxyl groups at the edge sites and 

����  and ����  are the acidity constants. In alkaline conditions montmorillonite is 

deprotonated and acts as an oxide, in acidic conditions montmorillonite is protonated 

and can act as an ion exchanger. The cation exchange capacity (CEC) of 

montmorillonite was measured in the study of Wanner et al. (1994) to be 108 

meq/100 g, although their potentiometric titration results indicated that the Na/H 

exchange capacity was only 2.2 meq/100 g of the total cation exchange capacity. 

Despite rather short equilibrium time for the study, this indicates that not every site 

is taking part into the ion exchange of Na/H (Wanner et al. 1994). 
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5. Neptunium 

Neptunium is a transuranium element and belongs to the actinides. The electron 

structure/configuration of the actinides is similar to that of the lanthanides. The 6d, 

7s and 5f orbitals have almost the same energy. The difference between actinides and 

lanthanides is that the shielding of 6d and 7s orbitals is weaker in lighter actinides, 

which allows the 5f orbitals take part in the bond formation. Furthermore this 

character causes actinides to have more complex chemistry than lanthanides by 

permitting the formation of complexes and covalent bonds (Lehto, Hou 2011). The 

most common oxidations state of neptunium is +V and other possible oxidation states 

range from +III to +VIII. The electron configuration of neptunium is: 

1s22s22p63s23p64s23d104p65s26s64f145d106p65f46d17s2 

The chemistry of neptunium is discussed later in this chapter. 

5.1 Formation of neptunium 

Np-237 is produced by neutron absorption by the uranium isotopes U-238 and U-235 

as depicted in Equations 4, 5 and 6. 

!�", 2"� !%��&'%��&� ()*+ �,%&�&'      (4) 

!�", -� !�", -� !%��&'%��&.%��&/ ()*+ �,%&�&'    (5) 

!�", -� !%��&% ()*+%��&� �,%&�&% ()*+ 01�", -� 01%	�	�%	�&% ()*+ �2�", -� �2%/�	�%/�	� 3→ �,%&�&'   (6) 

Equation 5 is the main reaction producing Np-237 from U-235 enriched fuels, which 

is the reason why Np-237 is present in the high level waste (HLW). The commercial 

uses for neptunium are few, which makes it almost impossible to exploit, though 

neptunium can be used as a target material in production of plutonium-238. With the 

half-life of 2.144 x 106 years Np-237 is the most important isotope of neptunium 

(Morss et al. 2006). 

Np-237 is artificial in the environment because of the relatively short half-life of it, in 

comparison to the Earth’s age, all original neptunium has already decayed. Sources of 

neptunium in the environment are nuclear weapons tests and the nuclear fuel 
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reprocessing plants, however, the activity fraction of neptunium in the environment 

compared to thorium, uranium, plutonium and americium is low.  

Although neptunium is formed already in neutron activation, the activity fraction of 

neptunium in all activity of the used fuel is minor. In addition to the neutron 

activation of uranium (Equations 4 and 5) Np-237 is also formed through alpha decay 

from Am-241 (Equation 6). This causes an increase of the amount of Np-237 in 

nuclear waste as a function of time. The high mobility of neptunium as NpO2+ ion and 

cause of its long half-life the existence of neptunium in the nuclear waste is taken into 

account. 

5.2 Chemistry of neptunium 

The most common oxidation state of neptunium is +V and the other possible 

oxidation states range from +III to VIII. The size of an actinide decreases with 

increasing atomic number because of the increasing charge in the nucleus being able 

to attract the 5f orbital electrons. Due to the contraction the actinides they are able to 

hydrolyze and form complexes readily. 

In oxidizing conditions the neptunyl ion NpO2+ is prevailing. As the redox potential 

decreases neptunium reduces to Np4+. Neptunium(IV) Np4+ hydrolyzes strongly, 

while NpO2+ starts to hydrolyze only at pH 10. Only in neptunium concentrations high 

enough hydrous oxides form (Lehto, Hou 2011). The neptunium(V) speciation as a 

function of pH in NaCl is presented in Figure 8. In this work all the sorption studies 

were made in the pH range from 3 to 11. In Figure 8 it is seen that nearly throughout 

the whole examined pH range the NpO2+ ion is dominating.  
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Figure 8. The aqueous speciation of 50 µM neptunium as a function of pH in in 0.1 M 

NaCl (Guillaumont,  Mompean 2003), (Wolery, Jackson 1992). 

5.3 Neptunium complexation with montmorillonite 

The migration of heavy metals is mainly dependent of the complexation with small 

polymeric organic and colloid-like inorganic particles. The complexation may cause 

changes in the stability of the complex or in its kinetics. Metallic binding can change 

the conformation of the complex. The abundance of the binding site causes different 

steric and electronic environments at the binding sites. If the particle complexes 

many ligands it alters the electrostatic potential and moreover the behavior of the 

complex. The availability of binding sites is not uniform on the montmorillonite 

surface and the adsorption of heavy metals depends on the different charge densities 

inside the interlayer space. Whether the binding sites are on top of the layer or in the 

interlayer space has an enormous effect on the binding process of the mineral. The 

montmorillonite particles are not homogenous, which alters the binding affinity 

(Nagasaki, Tanaka 2000).  
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Neptunium sorption on montmorillonite can take place in two different ways. Np(V) 

can form a weak bond with the inter-layer cations through van der Waals forces on 

the side of the montmorillonite double layer. The other way is to form a surface 

complex with the hydroxylated edge sites. In natural waters the pH differs between 6 

and 9, in which case the surface complex formation is more dominant. For neptunium 

concentrations of 10-6 M and below, precipitation of solid neptunium phases can be 

avoided (Turner et al. 1998).  

Neptunium forms a surface complex with the functional groups on the surface of 

montmorillonite. This can be formulated in Equation 7. 

� − �� + �,��� ⇌ � − ��,��    (7) 

An inner-sphere complex is formed when oxygen donates its electrons to the metal 

and a covalent bond is formed. Outer-sphere complex is weaker, as it is only 

attraction forces between the positive cation and the negative surface. The character 

of the bond makes a great difference to the chemical properties of the metal. In inner-

sphere complexation the surface oxide donates its electrons to the metal, which 

increases the electron density of the metal. There is no similar change in the electron 

density in the outer-sphere complex. As a consequence the sorbed metal in the inner-

sphere complex has different redox potential compared to the metal in outer-sphere 

complexation. A change in the redox potential also affects the chemical properties of 

the metal. The nature of the bond can be evaluated in spectroscopic experiments or to 

some extent by examining the influence of the ionic strength on the complexation. 

The outer-sphere complex is very sensitive to changes in the ionic strength, as the 

increasing amount of ions in the solution enhances competition of the sorption places. 

Apart from ionic strength, the pH has an influence on the formation of the 

complexation because the hydrogen ions compete with the cations in low pH. It is 

shown that for different metals there is a narrow pH range in which the sorption to 

the surface increases from 0 % to 100 % (Stumm, Morgan 1996). 

5.3.1 Factors affecting the sorption process 

In the environment, other dissolved ions compete with the neptunium sorption onto a 

mineral surface.  
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Carbonic acid is ubiquitous in natural waters, because it is produced by the 

dissolution of carbon dioxide (Equation 8). 

7����8� + ��� ⇌ ��7�& ⇌ �� + �7�&
 ⇌ �� + 7�&�
	   (8) 

pH determines the most abundant species in Equation 8. At high pH the carbonate ion 

7�&�
is the most abundant. Even though the CO2 concentration is higher in ground 

waters than in surface water, the carbonate concentration decreases as going deeper 

within the host rock. The carbonate and oxygen in the natural waters are mainly 

produced by organic matter (Langmuir 1997). 

The carbonate ion forms a complex with actinides depending on their oxidation 

states. The actinides form complexes with the species naturally occurring in the water 

with different attractive force depending on the divalent anionic ligand (Lehto, Hou 

2011). 

7�&�
 > 7��	�
 > ��	�
 

As earlier discussed (Langmuir 1997) at the depth of the deep geological repository 

the carbonate and oxygen concentrations are minimal. On the other hand, carbonates 

can dissolve from the cement materials in the SNF repository or minerals themselves 

e.g. calcite (CaCO3) and, thus, increase the carbonate concentration in groundwater.  

The formation of a soluble Np(V) complex with carbonate CO32- in solution will 

compete with the sorption process on montmorillonite. This can be seen as a 

decrease in neptunium uptake by montmorillonite in the alkaline pH range where Np-

carbonato complexes become relevant (Wendt, 2009). Another factor affecting the 

sorption process is the ionic strength. In high ionic strengths the competition of the 

sorption places on mineral surfaces increases as the cations in the solution will 

interact with the negatively charged surface groups. This effect is seen in outer-

sphere complex formation where higher ionic strengths and the competition from 

electrolyte cations can decrease the amount of outer-sphere sorption on the mineral 

surface in comparison to lower ionic strengths..  
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6. Batch Kd and isotherms 

Adsorption isotherms are often used to illustrate the adsorption process because 

isotherms give direct information of how much of the radionuclide is going to stay in 

the solution and how much is adsorbing onto the mineral surface. In addition, with 

isotherms the sorption capacity of a mineral for a adsorbate (e.g. neptunium) can be 

compared when taking into account the specific surface areas presented in Equation 

9.  

Adsorption isotherms are plotted as the amount of adsorbed species (mol/kg) against 

free species in solution (mol/l) at constant temperature. The Freundlich and 

Langmuir isotherms are two different mathematical equations which both predict the 

adsorption behavior. When all sorption sites are occupied the surface is said to be 

saturated (Langmuir 1997). The slope of the isotherm indicates how much of the 

added neptunium is adsorbed on the mineral and similarity of the sorption sites.  A 

slope of one indicates that the Kd and selectivity of sorption stays constant, hence 

sorption sites are being filled as more neptunium is added. A slope under one speaks 

for either saturation of the sorption sites, for steric effects, where the adsorbed metal 

exerts a repulsive force on metal-ions remaining in solution, or for heterogeneity of 

the surface binding sites, i.e. different types of surface sites with different 

complexation strengths participate in the sorption reaction.  

The distribution coefficient Kd is a parameter that describes the amount of sorption 

and compares sorption behavior between different radionuclides and minerals 

(Equation 9), modified from (Turner et al. 1998). 

�: ;<=> ? = @ABC=CDECB<	<�FF	GH	I �J�FGE @:	GK	FG=C:@ABC=CDECB<	<�FF	GH	I �J�CK	FG=BLCGK ∗ ;JN?    (9) 

Where V is the volume of the solution in milliliters and M is the mass (in grams) of the 

mineral added to the solution. The Kd can be determined through batch experiments. 

The advantage of the Kd is that it describes the volume of sorption but the flaw is that 

it doesn’t tell anything about the complexation mechanisms, i.e. whether the complex 

between neptunium and the surface is an inner-sphere or outer-sphere complex. The 

Kd takes into account the mineral concentration which allows comparison between 

different mineral concentrations which often exists in different studies. Apart from Kd 
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it should be remembered that other chemical circumstances e.g. salinity and pH 

strongly affect the radionuclide adsorption. Especially with actinides all the 

circumstances that affect the sorption should be taken into consideration (Turner et 

al. 1998; Alonso et al. 2006). 

The sorption is dependent of the amount of the adsorbate in the liquid and the 

amount of the adsorbate in the solid phase. The straightforward way to deal with the 

isotherms is the Langmuir isotherm. The mass law (Equation 11) assumes that the 

adsorption happens in 1:1 stoichiometry (seen in Equation 10) and the activities of 

the surface species equals the concentration.   

� + � ⇌ ��     (10) 

where S is the surface site of adsorbent, A is adsorbate in solution and SA is adsorbate 

on surface sites. The equilibrium constant (��:F) of the mass law is presented in 

Equation 11 

��:F = �OP��O��P�     (11) 

The maximum amount of the surface sites ��Q� (Equation 12) is 

��Q� = ��� + ����    (12) 

The maximum surface concentration (Γ<��) is given by Equation 13 

Γ<�� = �OQ�<�FF	�:FGED@KL	   (13) 

The actual Langmuir Equation (14) is 

Γ = Γ<��� STUV�P���STUV�P��    (14) 

where Γ is maximum concentration of surface sites per mass of absorbent. The 

Langmuir equation is valid when equilibrium is up to the formation of monolayer and 

[SA]/[ST]=1 (Stumm, Morgan 1996). 
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7. Materials and methods 

7.1 BET 

The surface area of a mineral can be determined through adsorption of gas molecules 

on the mineral (Brunauer et al. 1938). The elaborators of the BET theory were 

Brunauer Emmet and Teller. The theory is based on the sorption of gas on porous 

materials. At constant temperature and vapor pressure the amount of adsorbed gas 

depends on the surface area of the porous material. Adsorption isotherm indicates 

the dependence of adsorption and vapor pressure at constant temperature. The 

theory is based on the assumptions that the material is homogenous. (Fagerlund 

1973).	 
7.2 Dynamic light scattering (DLS) 

DLS is a technique which provides information of the size and the surface charge of 

the particle. As earlier discussed, size and surface charge strongly influences the 

sorption capacity of a particle. 

7.2.1 Particle size determination 

The size of a particle can be determined with DLS. The method is based on collisions 

of the mineral particles with molecules in the solution caused by Brownian motion. 

The DLS theory assumes that small particles suspended in the liquid move faster than 

the larger ones.  The Brownian movement of the particles in the solution due to their 

size can be illustrated with the Stokes-Einstein equation (Equation 15) 

W = 	 XYQ.Z[E     (15) 

In which D is the diffusion constant, kB is the Bolzmann constant, T is the absolute 

temperature, η is the dynamic viscosity and r is the radius of the spherical particle. 

The equation assumes that the particles are spherical. The light is focused on the 

solution as the detector is diagonally placed near the sample. As the light encounters 

the suspended particles it scatters from it. The detector accumulates the scattered 

light waves and records their intensities. The detector forms from all scattered light a 

sum wave which is a sum from constructive and destructive waves. In consequence as 

a function of time a fluctuating wave is formed. The size of the particles can then be 

calculated from the Stokes – Einstein equation (Malvern Instruments Ltd. 2007). 
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7.2.2 Zeta potential 

A charged particle has a surface charge which attracts counter ions of opposite 

charge, thus, creating a double layer. The liquid plane surrounding the particles 

consists of two planes, inner and outer planes. In the inner plane, also known as the 

Stern layer, the ions bind strongly to the particle (Figure 9). On the other hand in the 

outer layer, which is also called the diffusion layer, ions are loosely attached. The zeta 

potential is the potential in the shear plane. However, the position of the shear plane 

is still unresolved. Due to the current belief the shear plane is near to the colloid 

surface and near the Helmholtz plane (HP, Figure 9). The zeta potential also refers to 

the stability of the colloid suspension and the swelling properties of the material. 

Particles with low or high zeta potential (-30 ≥ x ≤ 30 mV) are considered stable 

which means that the particles repel each other and do not agglomerate. The Zeta 

potential is highly dependent on the pH, because the pH affects the protonation of the 

charged groups. The particle is most unstable at the isoelectric point (IEP), in which 

the surface charge is zero. Figure 9 below shows the dependency of zeta potential of 

pH. The charged particles undergo few reactions when exposed to an external electric 

current. Four different electrokinetic effects apply to the charged particles. In 

electrophoresis the charged particle moves along with the current in the liquid. In 

electro osmosis the liquid phase moves due the stationary charged particles. In 

streaming potential a new electric field is generated when liquid flows through 

stationary charged membrane. The sedimentation potential is created when charged 

particles flow in stationary liquid. In the electric field the particle is attracted by the 

opposite charge. In the equilibrium state the particle moves with constant velocity. 

The velocity is dependent on the strength of the electric field, dielectric constant of 

the fluid, viscosity of the fluid and the zeta potential. The electrophoretic mobility can 

be presented as Henry equation (Equation 16). 

!\ = �]^H�X��&[      (16) 

where z is the zeta potential, UE is the electrophoretic mobility, ε is the dielectric 

constant, η is the viscosity and the f(ka) is the Henry’s function, which can be 

assumed as 1.0 or 1.5. The 1.5 is the Smoluchowski approximation which assumes the 

particles are larger than 0.2 microns and dispersed in electrolytes containing more 

than 10-3 M salts (Malvern Instruments Ltd. 2007). 
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Figure 9. Charged particle surface and the interactions with ions in the solution (Li et 
al. 2003). 

7.3 Liquid scintillation counting (LSC) 

Np-237 is an alpha emitter but its daughter nuclide Pa-233 is a short lived beta 

emitter (t1/2 = 27d). The Np-237 alpha spectrum is measured between 4 MeV and 6 

MeV, thus protactinium distracts measurement of neptunium with its beta energy 

(Lehto, Hou 2011). 

The measurement of neptunium can be challenging because of the β active daughter 

nuclide Pa-233. Still there are few methods to measure neptunium; alpha 

spectroscopy, neutron activation analysis, gamma spectroscopy, photon electron 

rejecting liquid alpha spectroscopy and liquid scintillation counting. However, liquid 

scintillation counting has its advantages: the sample preparation is simple. The 

Pa-233 can be neglected in two ways, either by separating the protactinium from the 

solution or using pulse shape analysis or pulse shape discrimination. The drawback 

with the separation is that some of the neptunium may be lost during the procedure, 

and moreover it is very time consuming (Li et al. 2014). 

In liquid scintillation counting mainly prompt fluorescence is observed, though slow 

components are also detected. The decaying time difference between the prompt and 

slow components are few hundred nanoseconds. The different fluorescence reactions 

are caused by distinct decay products. For example beta decay causes prompt 
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fluorescence with the scintillation cocktail. As opposed to beta decay, alpha decay 

produces slow components, delayed fluorescence, with the scintillation cocktail. This 

property is useful when there are two differently decaying nuclides in the solution, 

because the different decay times of the luminescences can be separated from each 

other, even though the decaying takes place in the same energy. The separation 

method is called the pulse shape discrimination (PSD). The slow component is a 

product from long lived triplet states which are formed by the α decay. As the single 

state, produced by β decay, decays producing delayed fluorescence. The 

discrimination can be determined due to the different rise of the pulse shape or by 

integrating the total charge between two time points. Another way to discriminate 

the two types of decays from each other is to compare duration time of the pulses and 

their percentages of the amplitudes (Knoll 2010). 

The drawback of liquid scintillation counting for alpha active samples is that the 

energy resolution for alpha samples is poor. Hence liquid scintillation counting is 

proper for a measurement which does not require high resolution. Also the counting 

efficiency of liquid scintillation counter for alpha samples is 100 % (Lehto, Hou 2011). 

7.4 Attenuated Total Reflection Fourier Transform Infra-Red 

spectroscopy (ATR FT-IR) 

Earlier the surface complexation studies could only be made ex-situ, which means 

that the samples must be first removed from the solution, washed and exposed to 

vacuum. It is obvious that some changes might happen in the surface structures 

during this manipulation. ATR FT-IR, attenuated total reflection Fourier transform 

infrared spectroscopy, technique is similar to the reaction that happens with a glass 

of water. When looking at a glass filled with water from a diagonal angle it is 

impossible to see what is behind the glass due to the total reflection of light that 

happens in the glass. When something solid is put against the glass, all the parts that 

are in contact with the glass become visible. The total reflection is destroyed when a 

part of the electromagnetic field enters the less dense medium. A standing wave is 

formed in the denser medium, in the case of ATR-FT-IR spectroscopy in the ATR 

crystal, perpendicular to the reflecting surface as the evanescent wave is formed in 

the rarer media, which is the mineral surface. The electromagnetic field is decaying 

exponentially when travelling through the mineral. The nature of the evanescent 
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wave is dependent on the mineral which means that for every mineral and surface 

complex there is an individual spectrum (Hind et al. 2001). 

ATR FT-IR spectroscopy offers very detailed information of the sorption process. It is 

not only possible to sort out the adsorbed ions but whether the formed complex is an 

inner-sphere or outer-sphere complex. Earlier the inner- or outer-sphere complexes 

were evaluated by the effect of ionic strength in batch sorption experiments. In this 

method there are too many variables to create reliable results. IR spectroscopy has 

been used for a long time in sorption studies due to its accuracy in single chemical 

bonds. Although earlier all the samples were dried before the measurements, which 

means that the structure of the complexes could have been changed. It was first 

thought that wet samples with water could not be measured as the water dominates 

strongly in the IR region. The problem was solved with an evanescent wave that 

would penetrate the sample from the lower index of refraction layer to the sample 

and then the IR spreads to the higher index refraction media (Lefevre 2004). 

The absorption can happen in two ways in a solution. An inner-sphere complex can 

form in which the attachment is a chemical bond between the surface groups and the 

mineral. This enables moving of the charge from the surface to the absorbent. This 

kind of bonding can enhance remarkably the reaction kinetic in chemical reaction 

unlike the outer-sphere complex. The outer-sphere complex forms through physical 

attraction between the surface and the molecule. The absorption spectrum of water 

can be subtracted from the spectrum to prevent it from interfering with other 

absorption bands. Changing solution parameters can distract the measurements. The 

amount of water compared to the substrate is enormous which means that even small 

changes in concentration can disturb the subtraction of the water spectra. 

Fluctuations in pH and covering of the surface can change the behavior of the 

absorbents in the solution e.g. aggregation. The pH of the solution affects the surface 

charge of ATR material and the mineral which in further also affects the particles near 

these surfaces (Hug, Sulzberger 1994). 

ATR FT-IR spectroscopy is based on the spectral differences in the mineral film. The 

spectra are continuously recorded while the mineral surface is being flushed with a 

blank or actinide solution. The processing time for each spectrum is short, which 

makes it possible to study the actinide sorption in situ.  Very low actinide 



30 
 

concentrations (optical density ≥ 10-5) can be detected when only one parameter, 

actinide concentration, is changed during the measurement. The final sorption 

spectrum can be created by subtracting the background from the spectrum.    

 

Figure 10. The principle of ATR FT-IR spectroscopy. Trapezoid stands for the ATR 

crystal, the rectangle above is the mineral phase and the red line is the infra-red light 

scattering in the ATR crystal (Müller et al. 2009). 

Figure 10 illustrates the principles of ATR FT-IR spectroscopy. On top of the ATR FT-

IR crystal is the sample film. When the incident infrared radiation penetrates the 

diamond with the higher index of refraction (n1) and encounters the mineral phase 

with the lower index of refraction (n2) it undergoes total internal reflection. As a 

result of this total reflection an evanescent electromagnetic field in the layer of lower 

index of refraction is formed. The critical angle can be calculated with Equation 17 

_` = sin
��KdKe�    (17) 

where n2 and n1 are the refractive indexes of the ATR crystal and the mineral.  

The depth (dp) in the mineral that the evanescent wave can penetrate can be 

calculated from Equation 18. 

fg = he
�Zijkldmn
Kded oedp   (18) 
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Where λ1 = λvacuum/n1 is the wavelength in the diamond, θ is the angle of internal 

refraction. There are only two demanded features for the crystal material being used 

in ATR FT-IR measurements. Firstly the crystal must withstand acidic and basic 

conditions as the acidic conditions can cause a potential contamination of the crystal. 

Secondly the crystal should have low transmission threshold to enable the lowest 

vibrational modes to be detected. Such vibrational modes are for instance the 

asymmetric stretching vibrational modes of Np – O, Se – O, As – O.  

The diamond crystal used in the present work possesses the above mentioned 

properties, i.e. a low refractive index of 2.4, acid and base tolerance in the pH region 1 

– 14, and mechanical resistance. In addition, its transmission threshold is less than 

200 cm-1.   

For neptunium (V) and for example selenium (IV) the absorption bands are in the 

lower wavelength regions, under 800 cm-1, than e.g. uranium (VI) and neptunium 

(VI). Water (H2O) has also strong absorption bands in the lower wavelength region. 

Water has three overbearing absorption bands in the infrared region which 

comprises the symmetrical and asymmetric vibrations of the O – H bond (ν1 and ν3) 

and bending vibration of the H – O – H angle (ν2).  

   

Figure 11. The vibrational stretches in infra-red region caused by H2O, HDO and D2O 

(Müller et al. 2009). 
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This problematic can be overcome by using D2O. D2O shifts the absorption bands of 

the solvent to infrared regions which are not in the region of interest, under 750 cm-1, 

as seen in Figure 11. The use of D2O has not been shown to influence the sorption 

properties of e.g. Np(V) in comparison to H2O (Müller et al. 2009). 
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8. Experimental part 

8. Experimental part 

The neptunium sorption onto montmorillonite and bentonite colloids was studied 

under conditions close to the repository environment; ionic strength, carbonate and 

oxygen concentration. Corundum was studied because the aluminol sites act as 

functional groups in montmorillonite and bentonite colloids. The sorption of the 

neptunium onto montmorillonite, bentonite colloids and corundum was being 

studied by batch sorption experiments. The Zeta potential measurements and ATR 

FT-IR measurements were conducted to determine the chemical nature of the 

complex between neptunium and the mineral and to identify neptunium’s surface 

speciation.  

8.1 Materials  

Mineral characterization data, specific surface area (BET), grain size, chemical 

composition and mineral composition, from literature are collected in Table I. 
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Table I. Mineral characterization data, BET, grain size, chemical composition and 

mineral composition, collected from literature, for montmorillonite, bentonite and 

corundum. 

  Montmorillonite MX-80 bentonite Corundum 

BET [m2/g] 97 21 14,5 

  (Turner et al. 1998) (Hu et al. 2009) 
(Kupcik 
2011) 

Grain size 
[µm] 

2 74 – 400 0,15 - 0,2  

  (Turner et al. 1998) (ACC 2009) 
 (Kupcik 
2011) 

Chemical 
composition 

(Na0,64K0,01)[(Al3,11Ti0,01Fe0,36Mg0,47)(Si7,93

Al0,07)O20](OH)4*nH2O  
(Si3,99Al0,01)(Al1,54Mg0,24Fe0,17Na
0,22Ca0,06O10(OH)2  

Al2O3  

  (Segad et al. 2010) (Segad et al. 2010) 
(Kupcik 
2011) 

Mineral 
composition   montmorillonite 76,3 % 

(Kumpulainen et al. 2010)   

    muscovite 4,8 %   
    quartz 2,3 %   
    plagioclase   
    illite   

 

8.1.1 Na-montmorillonite 

The montmorillonite used in this work was provided by B+Tech. Montmorillonite can 

be purified from bentonite according to the procedure by Segad et al. 

10 grams of MX-80 is diluted in 1 M sodium chloride solution and allowed to 

equilibrate. The supernatant is removed and replaced with new and fresh solution 

three times. The remaining bentonite is purified with distilled water three times and 

the supernatant is collected after centrifugation. The assessory minerals are 

separated by decanting and the rest of the solution is put in dialysis membranes 

(Spectrapore 3, 3500 M WCO). The dialysis membranes are submerged in distilled 

water, that is chanced daily, until the conductivity is less than 10 µS/cm. The original 

supernatant is diluted in 1 liter with 1 M NaCl and the dialysis is repeated. The final 

montmorillonite solution is dried in 60⁰C and the recovered mineral is milled to the 

same grain size as the host bentonite (Segad et al. 2010). 

8.1.2 Bentonite 

The bentonite used in this work was MX-80 Volclay bentonite provided and 

characterized by B+Tech. The mineralogical composition is 76.3 % smectite 
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(montmorillonite), 8.3 % muscovite, 4.8 % quartz, 2.3 % plagioclase and illite, 

tridymite, magnetite, gypsum and pyrite as accessory minerals. Its chemical 

composition is 64.32 % SiO2, 19.00 % Al2O3, 3.84 % Fe2O3, 2.56 % MgO, 2.03 % Na2O, 

1.66 % CaO, 0.73 % SO3, 0.62 % K2O, 0.15 % TiO2 and 0.07 % CO2. The cation 

exchange capacity of Volclay determined by the Cu(II)-triethylenetetramine-method 

was found to be 0,89 eq/kg (Kumpulainen, Kiviranta 2010). 

8.1.3 Corundum 

The corundum was provided by Taimicron and it was pure α-alumina (α-Al2O3). More 

information on the mineral characterization can be found in Kupcik (2011). 

8.2 Batch sorption experiments 

The aim of the batch experiments was to find out how much neptunium can sorb onto 

the minerals. The sorption of neptunium (V) was studied as a function of pH and of 

neptunium concentration. The effect of time and the amount of mineral concentration 

were also taken into account. The pH – edges, sorption studies as a function of pH, 

were done for corundum, montmorillonite and bentonite colloids. Even though the 

chemical nature of the sorption cannot be evaluated through batch studies, they still 

give valid information of the amount of the sorption. The pH and ionic strength have 

great influence on the chemical form of the actinides, thus, the batch results are 

important source of data for further studies using specific methods. In the isotherms 

were done in buffered solutions using tris-hydroxymethylaminomethane (TRIS) for 

the investigations conducted at approximately pH 8, and N-cyclohexyl-2-

aminoethanesulfonic acid (CHES) at pH 9. The pH adjustments for the samples were 

made with 0.01 – 1 M HClO4 and 0.01 - 1 M NaOH. The neptunium concentrations in 

the isotherms were from 0.1 nM to 5 µM. After the one week (or month) equilibration 

time the solid was separated from the liquid by centrifugation and one milliliter 

aliquots of the liquid was collected for liquid scintillation counting, all experiments 

were made under N2 atmosphere with carbonate free solutions. 

8.2.1 Np sorption experiments on montmorillonite 

The solid liquid –ratio for montmorillonite was at the beginning 0.5 g/l and after the 

evaluation of the results the decision to use higher (5 g/l) solid liquid –ratio, was 

made. We will discuss later why the solid –liquid ratio was changed. The neptunium 



36 
 

sorption on to the Na-montmorillonite was studied as a function of pH, neptunium 

concentration, effect of equilibration time and effect of the amount of 

montmorillonite. The samples were made by adding a small aliquot of concentrated 

montmorillonite stock solution (2.5 g/l or 20 g/l montmorillonite solution in NaClO4, 

TIRS or CHES so that the final concentration was 0.5/5 g/l) and neptunium 

polypropylene vials or polyethylene tubes that could be used directly for the phase 

separation of the samples in kinetic and solid liquid –ratio experiments. 10 mM 

sodium perchlorate was used as background electrolyte in the pH-dependent 

sorption investigations. The kinetic experiment was made from time point with no 

equilibration time to 384 hours. The pH range for the pH – edge was from 4 to 11. The 

concentration of montmorillonite in the solid liquid –ratio experiments ranged from 0 

to 10 g/l. After one week equilibration time the solid was separated from the liquid 

by centrifugation (6000rpm/60min) and one milliliter aliquots were taken 

immediately for liquid scintillation counting. 

8.2.2 Np sorption experiments on bentonite colloids 

Because the bentonite colloid sorption experiments were made from the colloid 

solution, the mineral concentration/solid concentration for pH –edge and isotherms 

is different. The colloid solutions were made by diluting the MX-bentonite in each 

solvent (TRIS, CHES or NaClO4) and the colloid suspension was separated (6000 

rpm/15 min) for the experiments after one week equilibration time. For the pH – 

edge and kinetic experiment the solid liquid –ratio was 3.95 g/l. For the isotherms in 

pH 8 and 9, the concentration was 3.45 g/l and 3.35 g/l. The solid liquid –ratios were 

checked by taking 5 ml aliquots of the used colloid solutions and then drying the 

suspension in 60⁰C. The dry clay was then weighed and the solid liquid –ratio could 

be calculated. The solid liquid –ratio varied from 0 to 7.8 g/l. The solid liquid –ratio 

used in the batch experiments was from 3.3 – 4.0 g/l, depending on the colloid 

solution being used. The kinetic study was done with the time intervals between 0 

hours and 360 hours. The pH –edge for the bentonite colloids was studied in the pH 

range from 6.4 to 10.9.  

8.2.3 Np sorption experiments on corundum 

The corundum experiments were not as extensive as the montmorillonite and 

bentonite ones due to plenty of existing batch sorption and isotherm data 
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(unpublished data). Through the study the solid liquid –ratio for corundum was 0.5 

g/l. Within this work neptunium sorption on corundum was investigated only as a 

function of pH (pH-edge). Already existing data, however, is used as comparison for 

the data obtained for montmorillonite and bentonite colloids as discussed later.  

8.3 Determination of neptunium activity 

The samples for liquid scintillation counting were prepared by pipetting 1 ml aliquots 

from the centrifuged solution in 20 ml polypropylene vials. The vials were removed 

from the glove box and 10 ml of liquid scintillation cocktail (Ultima Gold AB) was 

added. Samples were measured with Perkin Elmer Tri-Carb 3100 TR liquid 

scintillation calculator. Because of the β active daughter nuclide Pa-233 α/β –

discrimination was done. The PSD value was placed so that none of the β counts 

would be leaking to the α side to get the accurate counts for neptunium. Due to the 

discriminator setting used, more than 15 % of the α-counts were lost. To correct this 

efficiency loss, standards with known Np-237 concentrations were measured 

together with the samples. For the pH –edge batch experiments a sample like 

standard without mineral was used and the activity was determined by analogy. The 

measurement time for the samples was two hours or less in cases where a 2σ error of 

less than 2.5 % was reached, because the activities of the samples were varying from 

1000 counts to the level of the background. As a background, samples with 1 ml of 

NaClO4 in 10 ml of liquid scintillation cocktail were used. 

8.4 Determination of specific surface area 

The BET specific surface area studies were made both for montmorillonite and 

bentonite. The BET measurements were made in Helmholz-Zentrum Dresden 

Rossendorf. For the measurements a few grams of the mineral was put into a glass 

vial for the measurements. The vials were degased in 100°C for 480 minutes. 

8.5 Determination of zeta potential 

The zeta potential measurements were made with solutions containing 0.25 g/l 

montmorillonite in 10 mM NaCl. The pH was adjusted from 3 to 11 and all the 

measurements were carried out under N2 atmosphere. In the batch experiments done 

earlier, it has been seen that the neptunium sorbs onto montmorillonite earliest at pH 

6. The beginning of the sorption was the most reasonable starting point for the zeta 
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potential measurements of montmorillonite containing Np(V). The actual pH range 

after two week equilibration time was ranged between 7.4 and 11.2. The reason for 

using NaCl instead of NaClO4 was because of the ATR FT-IR measurements, which 

were done in NaCl to avoid interferences from the vibrational modes of the 

perchlorate anion.  

8.6 ATR FT-IR measurements 

The mineral film for the ATR FT-IR measurements was produced by pipetting the 

montmorillonite suspension on the ATR diamond crystal. The film was dried with 

gentle N2 flow to create a stationary solid phase. The in situ sorption measurement is 

based on three steps: 1) Single beam spectra are continuously recorded every 30 

seconds and can afterwards be used to calculate difference spectra. 2) The mineral 

film is conditioned to a distinct ionic strength and pH by rinsing it with a blank 

solution (0.01 M NaCl, pH 10) for one hour. The stability of the mineral film can be 

confirmed by comparing the difference spectra calculated after 30 and 60 minutes. 3) 

The mineral film is flushed with the neptunium solution (50 µM, 0.01 M NaCl, pH 10) 

for one hour to provoke Np surface reactions. Keeping the last single beam spectra 

from the conditioning stage as zero point, sorption spectra at different time times 

after induction of Np can be calculated. The mineral film is being flushed with the 

blank solution (0.01 M NaCl, pH 10). This stage gives information on the reversibility 

of the surface reactions. Hence, possible desorption reactions can be elucidated by 

comparing the difference spectra of the sorption stage with those calculated from the 

single beam spectra of the neptunium sorption and the flushing. In Figure 12 the used 

set-up is shown (Müller et al. 2013). 
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Figure 12. The ATR FT-IR measurement scheme used in HZDR. Neptunium solution 

and blank solutions comes from the anaerobic box and flow through the flow cell by 

peristaltic pumps. The infra-red beam goes in to the ATR crystal from left (red line). 

The mineral is in the green line. Figure has been taken from Katharina Müllers 

PowerPoint presentation. 

The IR spectra were measured with a Bruker Vertex 70/v vacuum spectrometer with 

a Mercury Cadmium Telluride detector, which has low frequency cut-off at 600 cm-1. 

The spectral resolution was 4 cm-1. The diamond crystal used in the measurements 

was DURA SamplIR (Smiths Inc.) which is a horizontal diamond crystal (A = 12.57 

mm2) with nine internal reflections on the upper surface and an angle of incidence of 

45°. The rinsing of the mineral film with blank solution and neptunium solution was 

carried out at room temperature through a flow cell (total volume of 200 µL). A 

peristaltic pump (Ismatec S.A) assured a flow rate of 0.1 mL/min. To obtain similar 

circumstances as in the batch experiments all solutions were prepared in a glove box 

to avoid formation of carbonate complexes. A small anaerobic box was also used in 

the ATR FT-IR measurements. (Müller et al. 2013) 
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In contrast to the macroscopic batch studies where NaClO4 is used as background 

electrolyte because of its chemical inertness for Np complexation, NaCl is applied in 

ATR FT-IR experiments, because it does not show any absorption bands in the mid-IR 

spectra. The formation of Np chloro complexes is only predicted to a low extent at 

very acidic pH, which is not considered in this spectroscopic approach. 
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9. Results and discussion 

9.1 Specific surface area 

In Table  are the surface areas of montmorillonite and bentonite. It can be seen that 

the surface area of montmorillonite is much greater than for bentonite. Bentonite 

contains other minerals, as quartz and albite, which have greater grain size than 

montmorillonite. This affects the surface area. The value obtained for the specific 

surface area in this study agrees very well with 21 m2/g obtained for the MX-80 

bentonite by Hu et al. (2009) (Table I). The As for montmorillonite, however, is only 

half of the surface area reported for the calcium-rich Arizona montmorillonite by 

Turner et al. (1998).  

The α-alumina mineral has been characterized by Kupcik (2011). The specific surface 

area and particle diameter of the oxide was found to be 14.5 m2/g and 150-200 nm, 

respectively. No surface impurities could be detected in XPS investigations, thus, the 

mineral was used as received in the sorption experiments. 

Table II. The BET specific surface areas for corundum, montmorillonite and bentonite. 

 

9.2 Zeta potential of montmorillonite with and without neptunium 

Zeta potential values for montmorillonite were measured with and without 

neptunium. Zeta potential provides information on the neptunium complexation 

mode, i.e. whether outer-sphere or inner-sphere complexation occurs on the mineral 

surface. As discussed earlier, inner-sphere complexation influences the chemical 

properties on the surface, such as the surface charge. In contrast, outer-sphere 

complexation has no influence on the surface charge in low (10-6 M) concentrations. If 

the sorption of neptunium on montmorillonite occurs through inner-sphere complex 

Mineral BET [m2/g] Average [m2/g]
28,9

Bentonite MX-80 29 28,9
28,8
49,9

Montmorillonite 49,2 49,9
49,8

Corundum 
(Kupcik (2011))

14,5
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formation there should be a change in the zeta potential curve in comparison to the 

zeta potential of the pure mineral.  

The zeta potential of montmorillonite is presented in Figure 13 with and without 

neptunium. The zeta potential is strongly negative and the change in the zeta 

potential from positive to negative, allowing the determination of the IEP, cannot be 

seen. Because the zeta potential is less negative with neptunium, it appears like the 

neptunium sorption onto montmorillonite occurs via inner-sphere complex 

formation.   
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Figure 13. The zeta potential measurements of montmorillonite with neptunium (red 

dots) and without neptunium (black squares). Background electrolyte is 10 mM NaCl. 

Error bars are standard deviation of the zeta potential measurement. 

9.3 Sorption of neptunium 

9.3.1 Neptunium sorption on montmorillonite 

Neptunium sorption onto montmorillonite as a function of solid-liquid ratio is 

presented in Figure 14. The aim of the solid liquid –ratio study is to determine how 
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much montmorillonite is needed to conduct batch experiments, in which the amount 

of montmorillonite is not the limiting factor for the neptunium sorption. In high 

enough solid concentration, it is possible to study the effects of pH, ionic strength and 

neptunium concentration and their influence on the Np(V) sorption. It is seen in 

Figure 14 that 5 g/l is a proper solid liquid –ratio for the batch experiments, where 

the amount of Np(V) sorption does not increase anymore when increasing the solid 

concentration. The fact that, montmorillonite does not sorb all neptunium in this 

neptunium concentration and the plateau is already at 60 %, can be acknowledged in 

Figure 14. The first batch-sorption studies and isotherms conducted within this work 

were done with a solid liquid –ratio of 0.5 g/l. At this solid concentration only 10 % of 

possible 60 % of the added neptunium sorbs on the mineral surface.  
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Figure 14. The neptunium sorption onto montmorillonite as a function of solid liquid 

–ratio at pH 8. Equilibration time 7 days. 

The kinetic experiments were conducted from time point without equilibration time 

to 16 days and the results are presented in the Figure 15. The aim of the kinetic 

experiments was to optimize the equilibration time for the batch experiments. Similar 

plateau, saturation of sorption places, as in Figure 14 is expected to appear in the 
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kinetic experiments, so one could be sure that a longer equilibration time would not 

influence the extent of neptunium sorption on the mineral surface.  However, in 

Figure 15 a visible plateau is not obtained even after 16 days.   

The last two time points differ from the previous ones. When taking into 

consideration that only 10% neptunium should be sorbed on the montmorillonite 

surface for a solid/liquid ratio of 0.5 g/l, i.e. the sorption percentage obtained for time 

points below 200 hours, the last time points are most likely wrong. This would imply 

that sorption equilibrium is obtained already after 100 hours, i.e. 4 days. This result is 

consistent with kinetic sorption studies found in literature (Zavarin et al. 2012). 
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Figure 15. The kinetic study of neptunium sorption onto montmorillonite at solid 

concentration of 0.5 g/l. Background electrolyte is 10 mM TRIS NaClO4. 

In Figure 16 it is seen that the sorption curve is typical but not ideal, s-shaped and the 

sorption does not begin from zero. There might be outer-sphere complex formation in 

the lower pH-region. An inner-sphere complex cannot form in low pH because the 

functional aluminol groups of montmorillonite should deprotonate to make 

neptunium sorption plausible. The two equilibration times do not differ from each 

other indicating that 7 days indeed is adequate to reach sorption equilibrium. This is 
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a further indication that the last time points in the kinetic experiment were not 

correct.  

The neptunium sorption onto montmorillonite should increase as the solid liquid –

ratio increases from 0.5 g/l to 5 g/l and the amount of possible sorption sites 

increases. As seen in Figure 16 the neptunium sorption is much greater with the solid 

liquid –ratio of 5 g/l than with the lower 0.5 g/l solid liquid –ratio. Turner et al. have 

studied the neptunium sorption onto montmorillonite with and without the presence 

of carbon dioxide. In their studies the presence of carbon dioxide decreases the 

neptunium sorption onto montmorillonite at pH 8. In Figure 16 the sorption 

decreases at pH 9, but the decrease resembles the studies Turner et al. obtained, 

indicating carbonate contamination in 5 g/l sorption experiments. A similar effect is 

seen in the isotherms experiments as discussed below. 
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Figure 16. Above is neptunium sorption onto montmorillonite as a function of pH in 

two different solid liquid –ratios and equilibration times as sorption percent. Below 

are the same curves plotted as logKd. Background electrolyte is 10 mM NaClO4 and 

the Np concentration is 10-6 M.  
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All the sorption isotherms (Figure 17) are as expected, linear and the slopes (0.9667, 

0.9982 and 0.9927) are close to one. If the sorption sites would be occupied, there 

would be a change of the slope of the isotherm due to saturation of sorption sites.  

Greater differences between the TRIS isotherms are seen with the different 

equilibration times, than in the pH – edges. The slope of the 0.5 g/l isotherm with the 

equilibration time of one month is smaller than in the 0.5 g/l TRIS isotherm with only 

one week of equilibration time. It is also seen that few concentration points from the 

beginning of the 0.5 g/l TRIS isotherm with equilibration time of one month has been 

left out due to the negative neptunium sorption results. This effect is most likely due 

to the very low concentrations of neptunium in solution, which are close to the 

detection limit of the liquid scintillation counter, rather than an effect due to the 

equilibration time.  

Figure 17 presents the sorption isotherm of montmorillonite with a solid liquid –ratio 

of 5 g/l. In comparison to the other two TRIS isotherms with a solid liquid –ratio of 

0.5 g/l, this isotherm shows a lower uptake of neptunium. This is contradicting the 

solid/liquid ratio experiments in this study that showed that neptunium sorption 

increases dramatically when increasing the solid concentration from 0.5 g/l to 5 g/l. 

As the amount of montmorillonite in solution increases, more sites are available. As 

stated earlier this could be explained by carbon dioxide contamination. As earlier 

discussed, the actinides form easily carbonate complexes in solution. The existence of 

carbonate in the solution could cause neptunium to desorb from the solid and form a 

soluble Np-carbonate complex in the aqueous phase, as seen in several sorption 

studies (Zavarin, Wendt and Turner).   
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Figure 17. Neptunium sorption onto montmorillonite at two different solid liquid –

ratios and equilibration times at pH 8. Background electrolyte is TRIS NaClO4. Slopes 

for 5 g/l. 0.5 g/l and 0,5 g/l EQ 30d are 0.9982, 0.9927 and 0.9667 

As seen in Figure 18, there is no decrease in the slope (from 0.9971 to 0.9960) as 

observed for the the TRIS isotherm (Figure 17). In the pH – edges one can see that 

neptunium sorption onto montmorillonite with solid concentration of 0.5 g/l begins 

only close to pH 8, which might be the explanation for the odd sorption isotherm at 

this pH.  

As expected, based on the pH – edges and the TRIS isotherm results, also the CHES 

isotherms show lower sorption for the higher solid liquid –ratio due to potential 

carbonate contamination in the solution. The slope for solid concentration of 0.5 g/l 

and equilibration time of 7 days is 0.9971, for solid concentration of 0.5 g/l and 

equilibration time of 30 days is 0.9960 and for solid concentration of 5 g/l and 

equilibration time of 7 d is 0.9980. As for TRIS isotherms, all slopes are close to one 

and no saturation is observed.  
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Figure 18. The neptunium sorption onto montmorillonite at two different solid liquid 

–ratios and equilibration times at pH 9. Background electrolyte is CHES NaClO4. 
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9.3.2 Neptunium sorption on bentonite colloids 

Neptunium sorption onto bentonite colloids is presented in Figure 19 as a function of 

solid liquid –ratio. The neptunium sorption onto bentonite colloids is even lower than 

for montmorillonite (Figure 14). The used solid liquid –ratio in the batch experiments 

of this study was roughly 3.5 g/l which seems a proper value as it is almost at the 

plateau. Although the maximum of 30 % sorption appears very small, in comparison 

to the 60 % obtained for montmorillonite.  
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Figure 19. Neptunium sorption onto bentonite colloids as a function of solid liquid –

ratio at pH 8. Background electrolyte is TRIS NaClO4, concentration of neptunium is 

10-6 M and equilibration time 7 days. 
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As it is seen in the Figure 20, time has no great effect on the neptunium sorption onto 

bentonite colloids. In the first few hours sorption is increasing fast. After 40 hours 

sorption equilibrates to 37 %. Already at the initial time point almost 20 % of the 

added neptunium is sorbed on the solid. 
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Figure 20. The kinetic study of neptunium sorption onto bentonite colloids in pH 8. 

Solid concentration is 3.4 g/l, background electrolyte is 10 mM TRIS NaClO4 and 

neptunium concentration is 10-6 M. 
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The low sorption of neptunium onto bentonite colloids compared to montmorillonite 

is also seen in the Figure 21, where the pH – edge is presented. The sorption appears 

to begin at 20 % and the maximum sorption is 80 % at pH 10.87. After one week 

equilibration time the pH of the acidic samples was increased. This may be caused by 

the buffer capacity of montmorillonite, as the hydroxyl groups of montmorillonite 

hydrolyze producing hydroxyl groups. The neptunium sorption edge i.e. the rapid 

increase of sorption in a narrow pH range bentonite is observed at even higher pH 

than for montmorillonite.  
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Figure 21. Above is neptunium sorption onto bentonite colloids as a function of pH as 

sorption percent. Below is the same curve plotted as logKd. Background electrolyte is 

10 mM NaClO4 and the Np concentration is 10-6 M, solid concentration is 4.0 g/l and 

equilibration time was 7 days. 
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The sorption capacity of bentonite colloids is seen in the Figure 22, where slope is 

almost one indicating as neptunium is being added it sorbs on the colloids. The last 

two concentration points (dashed plot) differ from the original curve which might 

observed because of decreased sorption. As discussed earlier after the 20 % of the 

sorption places are filled at pH 8 the added neptunium stays in solution because it 

cannot sorb onto bentonite colloids. 
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Figure 22. The sorption isotherm of neptunium onto bentonite colloids at pH 8. Solid 

concentration was 3.4 g/l, background electrolyte is 10 mM TRIS NaClO4 and 

equilibration time is 7 days. 
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In Figure 23 one cannot see decreased sorption as seen in Figure 22. In pH 9, as seen 

in Figure 23, the neptunium sorption onto bentonite colloids is greater than in pH 8. 

In Figure 23 it is seen that the more neptunium is added, the more it sorbs rather 

than stays in solution, indicating that all sorption sites are identical. 
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Figure 23. The sorption isotherm of neptunium onto bentonite colloids at pH 9. Solid 

concentration is 3.3 g/l, background electrolyte is 10 mM CHES NaClO4 and 

equilibration time was 7 days. 
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9.3.3 Neptunium sorption on corundum  

In Figure 24 is shown the pH – edge of neptunium sorption onto 0.5 g/l corundum. It 

is seen that corundum sorbs neptunium at lower pH than montmorillonite (Figure 

16). In addition, the sorption begins from zero unlike for montmorillonite and 

bentonite colloids. Unlike montmorillonite and bentonite colloids, corundum has no 

permanent negative charge and it has relatively high IEP (9.6, (Kupcik 2011)), so 

positive neptunyl cannot sorb electrostatically on corundum. 
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Figure 24. The neptunium sorption onto corundum as a pH – edge. Solid 

concentration was 0.5 g/l, background electrolyte was 10 mM NaClO4, neptunium 

concentration 10-6 M and equilibration time 7 days. 
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9.3.4 Comparison of the minerals 

The difference in sorption capacity between corundum and montmorillonite at solid 

concentration 0.5 g/l is seen in Figure 25. At low pH montmorillonite is sorbing 

neptunium with van der Waals –forces forming an outer-sphere complex. Corundum 

does not show sorption at low pH as it was discussed earlier. In the logKd Figure 25 

corundum has clearly higher sorption capacity than montmorillonite at pH range 

from 9 to 10.5. This indicates that corundum has more sorption sites than 

montmorillonite as expected. In environmentally relevant conditions, at pH 8, all the 

two minerals have almost similar sorbing capacities (10 %) for neptunium. The clear 

differences can be seen above pH 9 when corundum sorbs neptunium. As seen in 

Figure 16 the montmorillonite might sorb more neptunium than in Figure 25 (0.5 g/l) 

and the sorption could begin at earlier pH. 
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Figure 25. Above is neptunium sorption onto montmorillonite and corundum as a 

function of pH and two different equilibration times as sorption percent. Below are 

the same curves plotted as logKd. Background electrolyte is 10 mM NaClO4 and the Np 

concentration is 10-6 M. 
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Comparison of higher solid concentration between montmorillonite 5 g/l and 

bentonite colloids 4 g/l is seen in. Great difference is seen in the sorption capacity 

between montmorillonite and bentonite colloids. In the upper Figure 26 sorption 

capacities seem to be similar for both minerals at low pH, however the logKd figure 

indicates that bentonite colloids have lower sorption capacity at low pH, when the 

solid concentration is taken into account. As earlier discussed the hydrolyzation 

reactions is observed in both montmorillonite and bentonite colloids edges in Figure 

26. During the purification of montmorillonite some accessory minerals that buffer 

the suspension must be removed because no strong reaction is seen with 

montmorillonite. Figure 26 shows that colloids could increase the neptunium 

migration in the repository area. Thus, the pH in Olkiluoto repository area is not as 

high as the high neptunium sorption onto bentonite colloids acquire. The pH in 

Olkiluoto is around 8, where the neptunium sorption onto bentonite colloids is only 

20 %. Iron minerals, hematite, magnetite and goethite, and colloids formed from them 

might be more relevant in colloid facilitated RN migration than bentonite colloids. 

Studies conducted by Jain et al. 2007 and Nakata et al. 2002 covers neptunium 

sorption on iron minerals.  Jain et al. 2007 have studied neptunium sorption on 

hematite and results indicate that neptunium sorbs on hematite at pH 5 and reaches 

90 % sorption. Also Nakata et al. 2002 studies indicate that neptunium sorption on 

hematite and magnetite is high at environmentally relevant conditions. In conclusion 

iron minerals might be more relevant in neptunium migration in the final repository 

area.  
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Figure 26. Above is neptunium sorption onto montmorillonite 5 g/l and bentonite 

colloids 4 g/l as a function of pH as sorption percent. Below are the same curves 

plotted as logKd. Background electrolyte is 10 mM NaClO4 and the Np concentration is 

10-6 M. 
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In Figure 27 are all isotherms for corundum (unpublished data), montmorillonite and 

bentonite colloids. The open symbols represent CHES isotherms and the solid 

symbols are for TRIS isotherms. As seen in the earlier pH –edges for these minerals, 

the sorption percentage is higher at pH 9 than pH 8. 

In respect to the surface areas of montmorillonite, bentonite colloids and corundum, 

discussed earlier, the montmorillonite should have the greatest sorption capacity, 

because it has the highest solid concentration in this study. The explanation of such 

behavior is the octahedral and tetrahedral structure of montmorillonite. In this 

lamellae structure the functional groups are different and the silanol groups does not 

take part in the neptunium sorption scheme. The aluminol groups are situated only at 

the edge sites of the montmorillonite which decreases the sorption surface area 

compared to the total surface area. The corundum particles have aluminol groups 

evenly distributed over the whole surface area, thus, enabling neptunium sorption 

throughout the surface (Wendt 2009). Although corundum has a smaller surface area 

it adsorbs more neptunium than montmorillonite. The sorption capacity of bentonite 

colloids cannot be seen in these low pH (8 and 9) as the sorption rises from 20 % to 

60 % at pH 10. Based on these batch sorption studies corundum sorbs neptunium 

only as inner-sphere complex, due to corundums high IEP it cannot sorb positive 

neptunyl ion at low pH. For montmorillonite and bentonite colloids neptunium seems 

to sorb as an outer-sphere complex at low pH range (3-8). In comparison with the 

obtained corundum batch data, the pH edges for montmorillonite, bentonite colloids 

and corundum are almost similar at high pH (8-11), indicating that at pH higher than 

8 montmorillonite and bentonite colloids would sorb neptunium as an inner-sphere 

complex. The complexation species can be determined with ATR FT-IR spectroscopy, 

which we will discuss next. 
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Figure 27. The TRIS and CHES sorption isotherms of neptunium sorption onto 

corundum (0.5 g/l), montmorillonite (0.5 g/l) and bentonite colloids (3.4 and 3.3 g/l) 

Background electrolyte is for TRIS isotherms 10mM TRIS NaClO4 and for CHES 

isotherms 10 mM CHES NaClO4. Solid symbols are for TRIS and open symbols for 

CHES isotherms. 

9.4 ATR FT-IR spectra of Np(V) sorption on corundum  

In Figure 28 ATR FT-IR spectra of neptunium sorption on corundum is shown. In 

Figure 28, flushing means flushing of sorbed neptunium with the blank electrolyte 

solution (NaCl). In the sorption phase the mineral film is being flushed with 

neptunium solution and neptunium is sorbing on the mineral. The constant baseline 

of the conditioning spectrum (red trace) indicates that the corundum film shows a 

sufficient stability for the in situ spectroscopic sorption experiment. Time indicates in 

which time point the spectra were obtained from the mineral film. In the time-

resolved spectra of the sorption stage several positive peaks can be detected (black 

traces). The asymmetric stretching vibrational mode v3 of NpO2 is observed at 790 

cm-1 and is characterized by increasing intensity with sorption time. The free NpO2+ 

ion shows absorption at 818 cm-1 (Müller et al. 2009), but it is very difficult to detect 

in aqueous 50 µM Np(V) solution (green line). The respective shift of 28 cm-1 
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indicates that the sorption of neptunium on corundum is strong. Most probably an 

inner-sphere sorption complex is formed. In contrast, the formation of an outer-

sphere complex would result in an insignificant shift of the v3 mode in comparison to 

the aqueous species (Lefevre 2004). Similar spectral signatures have already been 

observed for Np(V) sorption onto other mineral oxide surfaces, such as TiO2, SiO2 

(Müller et al. 2009). The increasing band at 1050 cm-1 is most likely due to the 

problem with optics. The negative peaks in the flushing spectra (blue traces) that are 

exactly at the same position as positive peaks during the sorption stage indicate a 

significant reversibility of Np(V) sorption. 
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Figure 28. ATR FT-IR spectra of 50 µM Np(V) sorption on corundum at pD 9.6 in 0.01 

M NaCl in D2O on, flow rate 0.1 mL/min. 

9.5 ATR FT-IR spectra of Np(V) sorption on montmorillonite 

The aluminol and silanol groups of montmorillonite cause strong absorption below 

1200 cm-1 (Figure 29), which can cause overlapping with the v3 vibrations of the 

sorbed neptunyl ion at ~800 cm-1. There are few changes detected in the initial and 

final transmission spectra of the montmorillonite film, but the film is stable enough 

for the in situ spectroscopic sorption experiment. Transmission spectra are good 

enough to state whether the montmorillonite film flushes away or not, no absorption 

spectra were needed for this statement. 
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Figure 29. Transmission spectra of montmorillonite before and after neptunium 

sorption. 

In Figure 30 ATR FT-IR spectra of Np(V) sorption on montmorillonite is shown. The 

conditioning spectrum (red trace) is not as flat as observed for corundum. The strong 

peak at ~1100 cm-1 can be attributed to vibrations from the silanol surface 

functionalities. The negative sign of this peak might indicate a slow removal of 

montmorillonite particles from the ATR crystal surface. During the sorption stage 

positive difference bands are observed only after subtracting the conditioning spectra 

after different time scale from the calculated difference spectra at the same time 

scale. In this way, very small absorption changes due to Np sorption could be 

distinguished from the very strong absorbing montmorillonite background. 

The asymmetric stretching vibrational mode v3 of NpO2 is observed at 790 cm-1. The 

band is increasing in intensity upon sorption, but it seems that all the specific 

sorption sites of montmorillonite are already filled with Np(V) after15 minutes. From 

the low intensity of the v3 (NpO2) band in comparison to spectral data of Np(V) 

sorption onto other mineral oxides, a very low sorption capacity is derived. 

Furthermore, the low signal can be explained by overlapping spectral features from 

the mineral itself, bands between 900 and 700 cm-1 in the transmission spectra of 

plain montmorillonite (Figure 30). The increasing band at 1050 cm-1 is most likely 

due to the arrangements of silanol and aluminol surface functionalities. In the 

flushing spectra it is seen that the neptunium sorption seems to be reversible, 
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because NpO2 absorption band is decreased during flushing (blue line, 30 min) 

indicating neptunium desorption. The reversibility was detected also for corundum. 
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Figure 30. ATR FT-IR spectra of 50 µM Np(V) sorption on montmorillonite at pD 9.6 

in 0.01 M NaCl in D2O, flow rate 0.1 mL/min. 

Müller et al. were able to prove that the neptunyl ion (NpO2+) has an asymmetric 

vibrational band at 818 cm-1 (Müller et al. 2009). The vibrational state which Müller 

et al. detected for the neptunyl sorption onto TiO2 was at 789 cm-1. The significant 

change at the asymmetric vibrational state indicates that the chemical bond was an 

inner sphere complex. Formation of an electrostatic attraction (outer sphere 

complex) would not be able to shift the vibrational state so remarkably. The ATR-FT 

measurements of this Master’s thesis indicate that the complex between 

montmorillonite and neptunium is an inner-sphere complex. In addition Gückel et al. 

2013 found that neptunyl sorption onto gibbsite can be detected at 789 cm-1 (Gückel 

et al. 2013). Thus, the neptunyl ion formed an inner sphere complex on the gibbsite 

surface. The weaker outer sphere complex tends to disengage from the mineral 

surface during the flushing due to its weaker bonding. In Gückel’s studies such 

behavior was not detected. The ATR-FT study in this Master’s thesis appears 

inconsistent with the results and conclusions that Müller and Gückel have 

acknowledged. The asymmetric vibrational state indicates in comparison with the 

other studies that the bonding of the neptunyl ion onto corundum and 

montmorillonite is an inner sphere complex.  However, the neptunyl ion seems to 

disengage from the surface of corundum and montmorillonite during flushing, unlike 
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from gibbsite and TiO2. It seems that the neptunium sorption onto both corundum 

and montmorillonite might be a weaker inner sphere complex than on the other 

minerals.  

In summary, ATR FT-IR spectroscopy was used to elucidate structural information on 

sorption reactions of Np(V) onto montmorillonite. Corundum was used as a model 

mineral oxide. ATR FT-IR spectra were also tried for bentonite colloids, but due to 

low sorption of neptunium, no spectra could be obtained. The reversibility of 

neptunium sorption on corundum and montmorillonite was seen in ATR FT-IR 

measurements, though reversibility of sorption was not detected in the batch 

sorption studies. Reversibility of the neptunium is important, because in the final 

repository both montmorillonite and corundum will undergo flushing. The ATR FT-IR 

measurements showed that at pH 10, neptunium sorption on corundum and 

montmorillonite is pure inner-sphere complex, because no neptunyl ion was 

detected. This was not possible to say from the batch experiments. More over this 

was the first time that smectite minerals were measured with ATR FT-IR 

spectroscopy. Recent IR spectroscopic studies on Np(V) sorption onto SiO2 or TiO2 

provide further reference data.  
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10. Conclusions and future work 

The interactions of neptunium with montmorillonite, bentonite colloids and 

corundum were investigated in the present work. The reason why these minerals 

were chosen for this study is because bentonite, the geotechnical barrier material, 

consists mainly of montmorillonite and the reactive groups responsible for the 

uptake of many metals of montmorillonite are aluminol groups (Al - OH). Neptunium 

sorption was studied by conducting batch sorption experiments and the chemical 

nature of the complex was studied in Zeta potential measurements and with ATR FT-

IR spectroscopy.  

Based on the available surface area, corundum was predicted to have the largest 

sorption capacity of the three studied solids. Even though corundum has a smaller 

specific surface area than montmorillonite or bentonite, it sorbs more neptunium 

than the two others. Montmorillonite and bentonite colloids are smectites and they 

have a structure that consists of two different parts and the many reactive groups are 

hidden in-between the layers. This implies that the specific surface area cannot as a 

whole be regarded as the reactive area. The neptunium sorption onto all minerals 

increased as the pH increased. More batch sorption data from higher pH is required 

to detect the possible saturation points for these minerals. Inner- and outer-sphere 

complexes were detected for montmorillonite, and most likely also for bentonite 

because bentonite behaves as montmorillonite at low pH. For corundum only inner-

sphere complex was detected. 

Both ATR FT-IR spectroscopy and zeta potential measurements indicated that the 

complex between montmorillonite and neptunium is an inner-sphere complex. Only 

an inner-sphere complex would change the surface charge of the montmorillonite 

enough to be detectable. The outer-sphere complex would not change the zeta 

potential because the bond would be only weak attractive forces between the 

neptunium and the montmorillonite. The ATR FT-IR measurements indicated also 

that the neptunium montmorillonite complex is inner-sphere complex because of the 

large shift of the Np – O vibrational band. This complex, however, was found to be 

highly reversible indicating either a weak inner-sphere complex or fast desorption 

kinetics that has not been encountered in neptunium sorption studies on other metal 

oxides or aluminium hydroxide.  
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The assumed carbonate contamination should be confirmed by repeating the batch 

experiments with the solid liquid ratio of 5 g/l. The pH-edges show that the 

neptunium sorption onto montmorillonite begins rather late in the pH scale. Hence 

more isotherm data of the higher pH range should be collected. The ATR FT-IR 

measurements indicated that the sorption process could be reversible.  

To confirm the reversibility of the sorption process batch type desorption 

experiments, where the electrolyte is exchanged for fresh one, thus, simulating the 

flushing step in the ATR FT-IR measurements, should be conducted. Reason for the 

reversible nature of the neptunyl ion bond with the montmorillonite remained 

unresolved regardless of the ATR FT-IR measurements. EXAFS (Extended X-ray 

Absorption Fine Structure) can provide information on the atomic scale of the 

neptunyl complex. In addition, the reason for this high reversibility in comparison to 

the studies by Müller et al. and Gückel et al. should be resolved in EXAFS 

measurements, where the coordination of neptunium and the distance to the surface 

can be investigated. As a first estimate, a lower coordination (e.g. monodentate 

instead of bidentate) to the surface could be the reason for the rapid detachment of 

the neptunyl ion. 
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Appendices 

Activity calculations 

Activity A depends on the amount of molecules N and decay constant λ (Equation 19). 

� = q�                           (19) 

The half-life t½ is different for every radionuclide and assigns the decay constant λ 

(Equation 20). 

q = =K�L½                                                       (20) 

The molar concentration is defined as the amount of moles in known amount of 

solution (Equation 21). 

s = KJ                                                        (21) 

The concentration of solution is defined as the relation between amount of substance 

and the volume of solution (Equation 22). 

� = " ∗ �P                                               (22) 

Combining these equations it is possible to define the concentration of radionuclide 

based on its activity as in Equation 23. 

	
s = P

tuvdw½ x∗Iy∗J
                                      (23) 

The neptunium concentration of the used tracer defined by the activity given by the 

manufacturer is calculated with the Equation 23.  

s = 55,9 ∗ 10&~8
; =K��,�		∗���∗&./∗�	∗.�∗.�F? ∗ 6,022 ∗ 10�& ; �<G=? ∗ 0,001	�	

s = 9,01 ∗ 10
&�2��� � 
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The batch experiment calculations 

The amount of the sorbed neptunium onto montmorillonite was defined by 

measuring the activity of the neptunium which remained in the solution. The actual 

sorption percentage was calculated through comparison (Equation 24) with a 

solution containing the original amount of neptunium. The standard solutions used in 

comparability calculations were made from the same solutions and measured as the 

actual samples. 

���,��"	% = PVwU
PVT��u�PVwU ∗ 100%                   (24)	
���,��"	% = 348,7s,2 − 326,8s,2348,7s,2 ∗ 100%	

���,��"	% = 6,3% 

Errors in pH-edges are standard deviations and they can be determined with 

Equation 25. 

∆���,��"	% = �∑ ��C − ���C " − 1 																															�25� 

∆���,��"	% = ��6,3 − 3,7�� + �1,1 − 3,7��2 − 1 = 3,6% 

The isotherm batch experiments consisted of different Np(V) concentrations and due 

to the α/β discriminator setting used standards were required to correct experiments 

for the efficiency For each measurement cycle new standard were made. 

Calculating logKd from the batch sorption data with Equation 26 

�: t2�� x = s,2FL: − s,2F�< =@s,2F�< =@ ∗ t��x																										�26� 
�: = 348,7 − 344,7344,7 ∗ 10	2�0,005� = 23	 t2�� x 

Average for two neptunium samples was 78,6 ml/g. 

Error for Kd is standard deviation and can be calculated from Equation 25 
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∆�: = ��134,1 − 125,9�� + �23,1 − 125,9��2 − 1 = 78,5 

log Kd was determined by taking logarithm from the original Kd value. The error for 

log Kd was calculated with Equation 27. 

∆����: = 1�: ∗ �"10 ∗ ∆�:																																	�27� 
∆����: = 123,1 ∗ �"10 ∗ 78,5 = 0,43 

 

Standard curves are presented in Figure 31 - 37. 
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Figure 31. Standard curve TRIS and CHES isotherms with montmorillonite solid 

concentration of 0.5 g/. 
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Figure 32. Standard curve for TRIS isotherms with montmorillonite solid 

concentration of 0.5 g/l with 30 days equilibration time.  
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Figure 33. Standard curve for CHES isotherm with montmorillonite solid 

concentration of 0,5 g/l with 30 days equilibration time. 
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Figure 34. Standard curve for TRIS isotherm with montmorillonite solid 

concentration of 5 g/l. 
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Figure 35. Standard curve for CHES isotherm with montmorillonite solid 

concentration of 5 g/l.
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Figure 36. Standard curve for TRIS isotherm in colloids solution with solid 

concentration of 3.4 g/l.  
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Figure 37. Standard curve for CHES isotherm in colloids solution with solid 

concentration of 3.3 g/l. 
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