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 Abstract

 

Bentonite is a natural clay and one of the most promising candidates for use as a buffer
material in the Swedish geological disposal systems for high-level nuclear waste. It is intended
to isolate metal canisters with highly radioactive waste products from the surrounding rocks
because of its ability to retard the movement of radionuclides by sorption. 

Bentonite is characterized by a low hydraulic conductivity and excellent sorption
capacity for cationic radionuclides, but is generally ineffective in adsorbing anionic
contaminants. This is especially of concern in the case of the long-lived 129I and 99Tc, which
exist predominantly as anions in aqueous environments. The diffusion of some sorbing solutes
such as the cations Na+, Cs+ and Sr2+ has repeatedly been reported to be faster than predicted
from a model based on diffusion in the aqueous phase and immobilization by sorption on the
solid phase.

To shed some new light on sorption and its relative importance for the function of
bentonite as a barrier to radionuclide diffusion, diffusion of Na+, Cs+, Sr2+, Co2+, Cl- and I- in
compacted bentonite was studied using a through-diffusion technique. The data were modeled
with the computer code ANADIFF, which calculates the apparent diffusion coefficient Da and
the sorption coefficient for transport Kd . Batch sorption experiments with the cations: Li+,
Na+, Cs+, Ca2+, Sr2+, Co2+ and Eu3+ on bentonite were carried out under a wide range of
conditions by varying the pH and concentration of background electrolyte solution. The
sorption data were modeled using the geochemical computer code PHREEQC taking into
account the variation in the concentration of the dominant cations Na+, Ca2+ and Mg2+, and a
discussion of the applicability of a mechanistic model of the ion exchange and the surface
complexation is offered. 

The experimental results indicate that there is a distribution of cations sorbed by
electrostatic interaction in the pore space of bentonite, depending on the distance of the closest
approach to the surface. Immobile but exchangeable ions are assigned to the Stern layer,
whereas ions located in the diffuse layer are mobile. To explain the differences between cation
mobilities for metal ions that only sorb by ionic exchange, it is thus necessary to consider their
solvation and hydrolysis properties.

Apparent diffusivities and capacity factors )( dKρεα +=  are obtained from diffusion
calculations for anions. Two diffusion processes, both with density and ionic strength
dependent apparent diffusivities and capacity factors, were observed. The diffusion processes
observed are ascribed to diffusion in interlayer and interparticle water. The experimental data
indicate that interlayer water constitutes the dominating part of water in bentonite compacted
to dry densities 0.4 to 1.8 g cm-3 studied in this work.

These results will provide a basis for understanding sorption effects on the diffusion in
bentonite. As for the cations and anions, they are chosen as analogues of a possible release of
contaminants from radioactive waste repositories.
 
 

 Keywords: Bentonite, cations, anions, sodium, cesium, strontium, cobalt, chloride, iodide,
sorption, diffusion, cation exchange, surface complexation, ion exclusion,
montmorillonite, swelling, interlayer water, interparticle water.
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 1. Introduction

 1.1. Background
 In future deep underground repositories for high level radioactive waste, the release of

long-lived radionuclides into the biosphere will be delayed by a number of barriers, such as

solid waste forms of low solubility and leachability, a resistant canister material around the

waste and a non-transmissive backfill or overpack material.

 
 Figure 1. The Swedish System (SKB, 1997).

 

 To minimize potential harm from toxic metals released into the ground, metals should

be removed or kept out of groundwaters by a process with three characteristics (Schnoor,

1996; Langmuir, 1997):

 1. It should occur rapidly, before advective forces spread contamination;

 2. It should minimize the toxics left in the water; and

 3. It should be relatively irreversible, so that minor changes in water chemistry would not

result in a significant release of metals to the groundwater. 

 

 Engineered clay barriers are being proposed in many countries as backfill material. In

the Swedish geological disposal system of high-level waste (Figure 1), one of the most

promising candidates for use as a buffer material is bentonite clay, since clay types such as

smectites (expanding 2:1 layer clays), have a very low hydraulic conductivity when highly

compacted and exhibit excellent retardation capabilities for cationic radionuclides. 
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 1.1.1. Bentonite as a backfill material
 About 95% of the earth's crust is composed of silicate minerals, alumino-silicate clays,

or silica. These make up the bulk of all rocks, sands, and their breakdown products clay and

soil. Alumino-silicate clays like montmorillonite are naturally found in bentonite, fullers earth

and vermiculite and result from the alteration of volcanic ash to give bentonite clay deposits.

Smectites also result from the weathering and alteration of basic rocks. The silicate structures

may be considered both ionic and covalent. When SiO4 units share three corners, the structure

formed is an infinite two-dimensional sheet of empirical formula (Si2O5)n
2n- (Figure 2). There

are strong bonds within the Si-O sheet, but much weaker forces hold each sheet to the next

one. Therefore this mineral tends to cleave into thin sheets. 

 

 Figure 2. Phyllosilicate structures. 

 In clay minerals having a 2:1 expanding

crystal lattice, isomorphic substitution like

the substitution of part of the Al3+ for Mg2+

causes a net permanent negative charge

balanced by cations in such a manner that

water may move between the sheets and

cause interlaminar expansion on water

saturation, giving reversible cation

exchange and very plastic properties.
 Figure 3. Na-Montmorillonite structure

Na0.33(Mg0,33Al1,67)(OH)2 (Si2O5)n.
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 Montmorillonite, the main component of bentonite, is a 2:1 phyllosilicate (sheet

silicate) with the following formula: Na0.33 (Mg0.33Al1.67)(OH)2 (Si2O5)n. It consists of

double layers of silica (tetrahedral) sandwiching a single layer of Al/Mg(OH)

(octahedral). The triple sheets have a small negative charge, and 1/3 M+or 1/6 M2+must

be incorporated between layers (Figure 3).

 

 Understanding the surface chemical properties of montmorillonite in near-neutral

and alkaline media is essential for establishing a chemical model for the bentonite/water

interaction applicable for repository conditions. In alkaline conditions (pH: 8-14)

deprotonation of the hydroxyl groups (≡SOH + OH- → ≡SO-) exposed at the edge surface

causes an overall negative charge to be compensated for by cations in the system. In near

neutral conditions (pH: 6-8) protonation of the edge OH groups (≡SO- + H+ → ≡SOH)

takes place, as well as ion exchange of the major cations for H+ at the structural-charge

sites. Finally in acidic conditions (pH: 2-6) pure ion exchange occurs since minor number

of edges for cations are expected.

 

 A chemical modeling of clay/electrolyte interactions for montmorillonite that

simulates simultaneously: ion exchange, hydrolysis of clay edges, anion adsorption on

clay surfaces and surface complexation is very much needed, as well as a deep

understanding of the bentonite sorption capacity and transport channels for diffusion.

 

 1.1.2. Literature review of sorption and diffusion
 Diffusive transport of solutes through compacted bentonite is governed by the

geometrical microstructure of the pore network, i.e. the parameters porosity, tortuosity,

constrictivity, and the interaction between the three components: water, clay and the

diffusing solute. Due to the complicated microstructure of bentonite, several of the

processes involved are, despite extensive studies (van Schaik et al., 1966; Rasmuson and

Neretnieks, 1983; Torstenfelt, 1983; Eriksen and Jacobsson, 1984; Soudek et al., 1984;

Jahnke and Radke, 1987; Cheung and Gray, 1989), not fully understood. The diffusion of

some sorbing solutes, such as the cations Na+, Cs+ and Sr2+, has repeatedly been reported

to be faster than predicted from a model based on diffusion in the aqueous phase and
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immobilization by sorption on the solid phase (e.g. Paper II). Diffusion within the

electrical double layer next to the mineral surface, referred to as surface diffusion, or

lower sorption, i.e. a lower Kd value in compacted than in freely expanded clay, have

been offered as explanations for the experimental results (Berry and Bond, 1992; Choi et

al., 1992; Kim et al., 1993; Muurinen, 1994; Eriksen and Jansson, 1996; Kozaki et al.,

2001). 

 

 Kd, being the distribution factor between the solid phase and the solution, is a

gross parameter and includes many processes (Garrido et al., 1998). Simultaneous cation

exchange, surface complexation and (co-)precipitation mechanisms may explain the

overall sorption behavior. Recently two diffusion models based on electric double layer

theory have been proposed (Lehikoinen et al., 1999; Ochs et al., 2001). Lehikoinen et al.

takes into account the effect of ionic size, hydration properties and exclusion volume.

The models are purely electrostatic and do not take into account specifically sorbed ions.

However, ion hydration and hydrolysis properties are of great importance when defining

the sorption mechanism, e.g. through inner- or outer-sphere complexes (Stumm and

Morgan, 1996; Chen et al., 1998) in the siloxane cavity of montmorillonite. The

distribution of ions within the pore space is likely to depend on hydration energy, ionic

radius, charge and coordination number. 

 

 Different surface complexation models (SCM) have been established to explain

and predict the behavior of sorption data. These models are based on the different

representations of the solution/solid interfacial region and binding/exchanging properties

of mineral surfaces (Sposito, 1984; Stumm, 1987; Davis and Kent, 1990; Dzombak and

Morel, 1990). The electrostatic models used in standard speciation codes handling

surface complexation are: the constant capacitance model (CCM), the diffuse-double

layer model (DLM), the basic Stern model (BSM) and the triple-layer model (TLM). The

purely diffuse-double layer model is very commonly used to deal with surface

complexation (Dzombak and Morel, 1990) and is based on a two pKa approach in which

the surface is purely diffuse (Venema et al., 1996). They are different in the contribution

of charge formation at the oxide/electrolyte interface. Only the TLM can distinguish
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between three planes of charge, and therefore between inner-sphere (no water of

hydration between the metal and the surface oxygen) and outer- sphere (water of

hydration between the metal and the surface site) complexes. In the DLM model, the

specifically adsorbed ions can be placed only at the surface, i.e. in the same electrostatic

plane as the protons. This has led to greater pH dependency than experimentally

observed, and to improve the fit in this model, Dzombak and Morel (1990) used two

types of surface sites, high affinity and low affinity sites, that are also called strong and

weak sites by other authors. In the present work an attempt is made to simulate the

surface properties of bentonite using PHREEQC (Parkhurst, 1995). PHREEQC is a

computer program designed to perform a wide variety of aqueous geochemical

calculations, speciation and reaction-path among others, that incorporates the Dzombak

and Morel (1990) diffuse double-layer and a non-electrostatic surface-complexation

model (Davis and Kent, 1990). 

 

 Bentonite is a natural non-homogeneous system. Besides the montmorillonite

phase it contains other mineral phases that have to be included in the description of the

sorption data. When going from the neutral-alkali range of pH to the acid pH, protonation

of surface OH groups on the surface of montmorillonite and/or surface complexation

occurs and dissolution of some impurities is expected (Bruno et al., 1999). Variation of

pH and electrolyte concentration in clay suspensions greatly changes the initial

composition of the solution due to the mineral inventory. 

 

 The sorption of Cs+ has been extensively studied on different types of clays

(Soudek et al., 1984; Kim et al., 1993; Oscarson et al., 1994; Oscarson et al., 1996;

Wanner et al., 1996; Onodera et al., 1998; Westrich et al., 1998), Cs-135 and Cs-137

being fission products typically present in nuclear wastes. It has been observed that Cs+

sorbs by cation exchange in the whole range of pH (2-10). Some authors (e.g. Yllera de

Llano, 1998; Bradbury and Baeyens, 2000), however, have seen that at increasing pH,

Cs+ sorption increases at constant radionuclide concentrations and that an increase of the

ionic strength causes a decrease of the Kd values. The diffusion of Cs+ in bentonite has

been studied by Muurinen et al. (1987), Christiansen and Torstenfelt (1988), Albinsson et
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al. (1993), Cho et al. (1993), Kozaki et al. (1996) among others.

 

 Strontium sorption on clays and oxide surfaces has also been widely studied

(Okamoto et al. 1995; Oscarson, 1996; Chen and Hayes, 1999; Poinssot et al., 1999;

among others). At high pH, Kd is slightly ionic strength dependent but at low pH, Sr2+

sorbs mainly by cation exchange. Diffusion of strontium has also been studied (Muurinen

et al., 1987;  Sato et al., 1992; Kim et al., 1993; Kozaki et al., 1997). 

 

 The sorption of Co2+ on α-SiO2, kaolinite (O'Day et al., 1996) and γ-Al2O3, TiO2

(James and Healy, 1972) and fissure fillings from granitic rock (Cui and Eriksen, 1997)

has been studied. Typically cobalt is strongly sorbed on oxide minerals (Papelis and

Hayes, 1996), increasing with increasing pH from almost zero to nearly complete (>90%)

removal from water within a narrow pH range. Cobalt sorption on bentonite has been of

great interest as well (Chen and Hayes, 1999; Chisholm-Brause et al., 1990; Papelis and

Hayes, 1996; Schlegel et al., 1999). Cation hydroxide compounds should be considered

when conducting metal sorption experiments and modeling metal surface complexation

(Scheidegger et al., 1997). This is particularly important for Co2+ and Eu3+.

 

 The trivalent lanthanide europium is an analogue for trivalent actinides such as

Am(III). Europium sorption on γ-alumina, magnetite, bohemite (AlOOH) and goethite

(FeO(OH)) in the pH-range 2-10 with varied concentration of supporting electrolyte has

been studied (Catalette et al. 1998; Fairhurst et al., 1998, Rabung et al., 2000). In these

systems, without impurities such as Mg2+ and Ca2+, the sorption of europium is typical

for metal sorption to metal oxide surfaces with low sorption at low pH, with a sharp edge

between pH 4 to 6, where after almost all europium is sorbed. The sorption is

independent of the concentration of supporting electrolyte, which indicates surface

complexation. There is a lack of data as well as understanding of sorption characteristics

for trivalent lanthanides and actinides in the low pH range where cation exchange might

dominate over surface complexation when concentration of supporting electrolyte is low.
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 Sorption of anions onto montmorillonite is only likely to be significant at low pH

by surface complexation with smectite edge sites when protonation of the edge sites

(SiOH/ SiOH2
+, AlOH/ AlOH2

+) can take place, and the surface is therefore neutral or

positively charged (Boult et al., 1998; Sato et al., 1992). At high pH the surface

interaction is dominated by anion exclusion. 

 

 Many of the diffusion data found in the literature were obtained with in-diffusion

techniques and column experiments and the problem with these techniques is that Da

(apparent diffusion coefficient) and Kd could not be obtained in the same experiment,

which can lead in many cases to inaccuracies in the calculated Da values. Another

common problem when obtaining diffusion data is that the effect of the filters is not taken

into account. Therefore a set of diffusion data for cations and anions was obtained in this

work, using a through-diffusion technique, with measurement of breakthrough curves and

concentration profiles within the clay. We took into account the contribution of the filters

by the proposed diffusion model for porous media, using a constant solid to solution ratio

in all experiments and constant metal concentration (~10-6M).

 

 1.2. Topics of this work 
 To shed some light on diffusion and sorption mechanisms and their relative

importance to the function of bentonite as a barrier to radionuclide transport; the

following topics were studied:

 

• The diffusion of the cations: Na+, Cs+, Sr2+ and Co2+ in compacted bentonite using

a through diffusion technique, with different background electrolyte

concentrations and clay densities. Diffusion-derived Kd-values and Da-values

were obtained using the computer code ANADIFF (Eriksen and Jansson, 1996).

• Batch sorption experiments with Na+, Cs+, Ca2+, Sr2+, Co2+ and Eu3+ on bentonite

were also carried out under a broad range of conditions (pH, electrolyte

concentrations). The sorption data were simulated using the geochemical

computer code PHREEQC taking into account the variation in the concentration

of the dominant cations Na+, Ca2+ and Mg2+, and a discussion of the applicability
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of mechanistic model of the ion exchange and the surface complexation is

offered. 

• The diffusion of the anions Cl- and I- in MX-80 bentonite clay was studied at

different background electrolyte concentrations and clay densities at the buffered

pH of bentonite 8.2. 

• In the present work, the mobility of cationic and anionic radionuclides in the pore

space at different clay densities is discussed.

 

 These results will provide a basis for understanding sorption effects on the

diffusion in bentonite, and as for the cations, they were chosen as analogues of a possible

release of contaminants from radioactive waste repositories. Cs+ is representative of the

monovalent cations and can be compared to another cation present in the system, Na+.

Sr2+ and Co2+ are both divalent but present different chemistries, essentially because of

their different size. Eu3+ is an analogue for trivalent actinides and the cation with a more

striking feature for surface complexation. Cl- and I- were chosen as analogues for anion

diffusion (e.g. the long lived 129I- and 99TcO4
-) and in this case their different sizes and

hydration properties have led to important conclusions on the sorption effects on

diffusion.
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 2. Materials

 2.1. Bentonite clay

 2.1.1. MX-80 Wyoming Na-bentonite
 The bentonite used in this investigation was the American Colloid Co. type MX-

80 (Wyoming Na-bentonite). The bentonite (MX-80) has a clay content (<2µm) of

approximately 85% and a montmorillonite content of 80-90 wt% of this fraction. The

remaining silt fraction contains quartz, feldspar and some micas, sulfides and oxides

(Müller-Von Moos and Kahr, 1983). 

 

 The mineralogical and chemical characterization of the MX-80 Wyoming

bentonite is shown in Table 1, together with the composition of the purified bentonite

also used in this work.

 

 Table 1. Data for MX-80 and purified MX-80 (Muurinen and Lehikoinen, 1997)
Parameter MX-80 Purified MX-80
Cation-exchange capacity, [X]T 0.75 meq g-1 0.85 meq g-1

Amphoteric edge sites [SOH]T 28.4 µmol g-1 28.4 µmol g-1

Edge surface area 3.0 m2 g-1 3.0 m2 g-1

Exchangeable Na 80.8 % 100 %
Exchangeable Ca 12.8 %
Exchangeable Mg 5.5 %
Exchangeable K 0.9 %
Total carbonate (as CaCO3) 1.5 w%
Total quartz ≈ 23 w% ≈ 15 w%
CaSO4 impurity 0.58 w%
MgSO4 impurity 0.02 w%
NaCl impurity 0.01 w% 0.01 w%
KCl impurity 0.01 w%
Na2SO4 impurity 0.045 w%
Specific density 2700 kg m-3 2700 kg m-3

 

 Bentonites invariably contain small amounts of soluble impurities, including

calcite, gypsum and NaCl. The solution of these impurities leads to an increase in the

concentration of dissolved major cations (e.g. Na+, Ca2+, Mg2+) and ligands (e.g.

carbonate species, sulfate), which may have a significance influence on the sorption  and

thereby on the migration behavior of most elements. 
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 2.1.2. Purified MX-80 bentonite
 The purification procedure was slightly modified from that of Sposito et al.

(1981) or Wieland et al. (1994) removing carbonates by acid treatment, ion exchange to

sodium form with NaNO3 1M and removing the excess NaNO3 by washing and dialysis.

Finally, the bentonite suspension was vacuum freeze-dried and gently ground in a mortar.

The purified bentonite still contained quartz and plagioclase. 

 2.2. Background electrolyte solutions
 In this work we used sodium solutions at different pH values and sodium

concentrations. Either sodium perchlorate (NaClO4⋅H2O, analytical grade chemical) or

sodium chloride (NaCl, analytical grade chemical) was added. The pH was adjusted with

small additions of perchloric acid or sodium hydroxide. The pH was measured using a

pH-meter Metronom 890 and an electrode (LiCl / KNO3 sat). In Paper I, Allard (weakly

saline granitic) water and NASK (deep saline) water or Äspö (strongly saline) water (pH:

8.6, 7.8, 7.9 respectively) were used. The detailed mineral composition of these waters

can be found in Eriksen and Jansson (1996) and Laaksoharju (1999).

 2.3. Tracer solutions
 The tracers used in this study were  22Na+, 134Cs+, 45Ca2+, 85Sr2+, 57Co2+, 151Eu3+,
36Cl- and 125I-. They were purchased in aqueous solution from Amersham (57Co, 134Cs,
151Eu), du Pont Scandinavia (22Na, 45Ca, 85Sr) and New England Nuclear (36Cl and 125I).

Tracer solutions were prepared by adding small volumes of radionuclide solution to

standardized inactive solutions (NaNO3, CsCl, CaCl2, Sr(NO3)2, CoAc2, Eu(NO3)3, NaCl

and NaI). The overall diffusant concentration was obtained by adding small aliquots of

the tracer solutions to the solutions used in the experiments to give tracer concentrations

in the range 10-5 – 10-7M.

 2.4. Analysis

 2.4.1. XR-Diffraction
 The purified bentonite was obtained after removal of most of the impurities. Both

MX-80 (Wyoming Na-bentonite) and purified bentonite were analyzed by powder

diffraction in order to see the disappearance of calcium and magnesium sulfates, calcium

carbonate and potassium chloride. 
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 Sample material
 Four samples labeled 1-4 were analyzed at the Department of Mineralogy (Swedish

Museum of Natural History). 1: MX-80 Wyoming Bentonite; 2-3-4: sampling of purified

bentonite.

 Methods
 Mineral identification was performed by powder X-ray diffraction, and swelling

effects were studied through water- and glycol-treated samples. 

 Results
 The X-ray diffractograms revealed that all samples were dominated by a 12Å

phase, which may correspond to a dehydrated smectite-type mineral. Additional phases

were quartz and feldspar. Swelling tests were performed by glycol-treatment, which

resulted in well-defined peaks at 17Å in the diffractograms of all samples, corresponding

to a smectite-type phase. XRD analysis of clay minerals did not have sufficient sensitivity

to detect minerals in less than 1.5 w% (like calcite, gypsum, etc.). However, the relative

amounts of the different phases in four different samples were estimated as follows in

Table 2. 

 

 Table 2. Relative amounts of different phases (values in w%).        
(1: MX-80 Wyoming Bentonite; 2-3-4: sampling of purified bentonite).

Sample Smectite Quartz Feldspar
1 75 10 15
2 85 10 5
3 85 10 5
4 85 10 5

 

 2.4.2. Detection systems
 To measure the tracer concentrations of the solutions used, the following

techniques (also listed in Table 3) were used: β-counting with a Geiger-Müller detector,

β-counting with a liquid scintillator and γ-counting with a germanium detector and

multichannel analyzer. Atomic absorption spectroscopy (AAS) and induced-coupled

plasma absorption (ICP) was used to measure the concentrations of the solutions used to

equilibrate bentonite (Na+, Ca2+, Mg2+).
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 Table 3. Analytical techniques and detection systems used 
Ion Atomic

Absorption
Spectroscopy

Induced-coupled
Plasma (ICP)

β-counting
(Geiger-Müller
detector)

β-counting 
(Liquid
scintillation)

γ-counting
(Germanium
detector)

Na+ Emission ICP-MS 22Na No 22Na
Cs+ No No No No 134Cs
Ca2+ Absorption ICP-MS 45Ca No No
Mg2+ Absorption ICP-MS No No No
Sr2+ Absorption Yes No No 85Sr
Co2+ Absorption Yes No No 57Co
Eu3+ No No No No 151Eu
Cl- No No No 36Cl No
I- No No No 125I No

 ICP was performed at Inorganic Chemistry Department (KTH, Sweden. ICP-MS was performed
at Studsvik (Sweden). Some samples were sent to SGAB for independent results validation.
 β/γ-counting was performed  at Nuclear Chemistry (KTH, Sweden).

 

 In the analytical methods, the relative error in the results that can be directly related

to the instrumental error associated with the measurement was considered. However, the

uncertainties in the measurements are believed to be more associated with the fact that

bentonite is a natural system, and when taking samples (in sorption experiments usually

0.1g), non-homogeneous particles can be taken and therefore the presence of impurities

can play a very important role in the final results.  
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 3. Experimental methods
 In working with a natural system, the total inventory of mineral phases has to be

taken into account. Many of the variations in solution composition in contact with

bentonite are directly related to the solid/volume ratio (S/V). Distribution factor (Kd)

values are often determined in the presence of only small amounts of bentonite in dilute

solutions, which can lead to apparent discrepancies when these Kd are compared with Kd

obtained from diffusion experiments. Thus, in both sorption and diffusion experiments

we used the same S/V ratio: 0.005. 

 

 3.1. Sorption experiments

 3.1.1. General remarks
 Adsorption/desorption and dissolution/precipitation are considered the most

important processes affecting metal and radionuclide interaction with soils(Sposito,1989). 

 · Adsorption/desorption will likely be the key process controlling radionuclide migration

in areas where chemical equilibrium exists, such as in areas far from the point source.

 · Dissolution/precipitation is more likely to be the key process where high radionuclide

concentrations exist, or where steep pH or redox gradients exist. 

 

 A generic term devoid of mechanism and used to describe the partitioning of

aqueous phase constituents to a solid phase is sorption. It is frequently quantified by the

partition coefficient, Kd, and is defined as the ratio of the quantity of the solute adsorbed

per unit mass of solid to the amount of the solute remaining in solution at equilibrium.

 







==

g
cm

unit per volumesolution in  species moles
unit massper  species sorbed moles 3

dK (3.1)

 The distribution coefficient, Kd, is related to the surface area of the solid since it is valid

only when the concentration of free or unoccupied surface adsorption sites on a solid

phase is in great excess with respect to the concentration of the solute in the solution and

the activity of the solute is equal to unity. The thermodynamic Kd term describes a
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precisely defined system, including fixed pH and temperature, ideally with one type of

adsorption site, and one type of dissolved aqueous species. Although the thermodynamic

Kd term is overly restrictive for use in natural heterogeneous systems, it provides an

important tool on which to base empiricised Kd terms. Thus, it should be noted that Kd-

values are operational parameters. There are 5 general methods used to measure Kd

values: laboratory batch method, in-situ batch method, laboratory flow-through (or

column) method, field modeling method and Koc method (oc: organic carbon) (EPA,

1999). Each method has advantages and disadvantages, and perhaps more importantly,

each method has its own set of assumptions for calculating Kd values from experimental

data. Consequently, it is not only common but expected that Kd values measured by

different methods will produce different values. 

 

 3.1.2. Sorption setup
 Sorption was measured in batch experiments with 0.1g bentonite and 20 cm3 10-6M

radionuclide spiked solutions and different concentrations of supporting background

electrolyte (NaClO4). Since distribution coefficients have shown pH dependence for pH >

5, it is important to study a wide range of pH, not only at repository conditions, but also

at slightly acidic concentrations where interference of observations from hydrolysis and

from precipitation of alkaline earth carbonates is precluded, and adsorption on possible

hydrous oxide impurities is minimized. 
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 Figure 4. Co2+ activity in equilibrium versus time at pH= 4.
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 The clay suspensions were centrifuged for 20 min at 6000 rpm and solution

samples were analyzed. The samples in the sorption experiments were taken after 3 days,

one week and two weeks and comparable values were obtained in all cases. In Figure 4, it

can be seen that the Co2+ activity in equilibrium vs time at pH= 4 is almost constant after

one day or two. 

 A summary of the sorption experiments that were performed in this thesis can be

seen in Table 4.

 

 Table 4. Summary of sorption experiments.
Ion NaClO4 

(mol dm-3)
pH range

Li+ 0.1M – 0.01M 4-10
Na+ 1M – 1.10-5M 4
Cs+ 1M – 1.10-3M 2-12
Ca2+ 1M – 1.10-2M 8
Sr2+ 1M – 1.10-3M 2-12
Co2+ 1M – 1.10-3M 2-12
Eu3+ 1M – 1.10-2M 2-12

 

 3.1.3. Sorption data evaluation
 The values for the equilibrium constants with the surface of bentonite can be

calculated and well accommodated by a model that assumes 2 kind of binding sites: (1)

weakly acidic groups (XH) that account for ion exchange, and (2) amphoteric surface

hydroxyls. Within the amphoteric sites, Bradbury and Baeyens (1997) have suggested

that at least two different surface hydroxyl-type sites contribute to the overall sorption on

Na-montmorillonite: strong sites (hSOH) with high affinity but low capacity, and weak

sites (hWOH) with less affinity but higher capacity.

 

 PHREEQC Speciation and Reaction-Path data code
 A two-site surface complexation model including cation exchange was employed

with the PHREEQC code (Parkhurst, 1995) using the database Wateq4f.dat. Necessary

constants not included in the Wateq4f.dat database were obtained from the literature

(Baes and Mesmer, 1976; Millero, 1992; Muurinen, 1994; Wieland et al., 1994; Haas et

al., 1995; Parkhurst, 1995; Spahiu and Bruno, 1995; Martell et al., 1997). 
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 3.2. Diffusion

 3.2.1. Pore diffusion model
 The transport of matter in the absence of bulk flow is referred to as diffusion. The

flux of matter due to diffusion is proportional to the concentration gradient and is a

molecular process. In general terms, the flux, J, of component i in the x direction is 

 
x
cDJ i

∂
∂

−= (3.2)

 where D proportionality constant or diffusion coefficient (cm2 s-1)
 ci concentration of constituent i.
 
 The flux J has the dimensions of moles/area/time, and the negative sign indicates that

flow of constituent i in the x direction is also in the direction of lower i concentration. In

an infinitely dilute aqueous solution, the movement is quantified by the diffusion

coefficient, D. For most simple aqueous species, D is about 10-9 m2 s-1 or 10-5 cm2 s-1.

 

 In porous media, dissolved solutes move by diffusion in the pore water. The tortuosity of

the pores increases the length of the diffusion path, whereas the constrictivity hinders the

diffusion. Therefore the pore diffusivity (Dp) is defined as follows:

 2τ
δ

wp DD = (3.3)

 where Dw diffusivity in aqueous solution
 δ constrictivity
 τ2 tortuosity 
 
 For diffusion in porous media, Fick’s First Law in one dimension will then be

 
x
c

DJ p
p ∂

∂
−= ε (3.4)

 where ε porosity of the media
 cp concentration of diffusing species in the pore
 
 The diffusivities directly obtained from experiments are the apparent diffusivity (Da), i.e.

the diffusive mobility and the effective diffusivity (De). For diffusants not interacting

with bentonite, the pore diffusivity will be equal to the apparent diffusivity, i.e. the

macroscopic diffusion Da. The effective diffusivity, De, obtained from steady-state
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diffusion through the bentonite, describes the diffusion in the pores and is given by the

following equation: 

 αae DD = (3.5)

 where α is a capacity factor, taking into account the total concentration in the pore space

 α = ε for non sorbing species 
 α = ε + ρKd (ρ is the dry bulk density)
 α < ε for negatively charged species
 
 The pore water diffusion model assumes diffusion in the pore water and complete

immobilization on sorption, i.e. the effect of sorption is to reduce the pore water

diffusivity by a factor 
ρε

ε

dK+
.

 

 3.2.2. Diffusion techniques
 Diffusion in porous media can be studied using several different experimental

techniques, giving different parameter information (Eriksen and Jacobsson, 1984).

Fundamentally two different tracer methods have been used to date. The first is a non-

steady state method (profile method) and the second is a steady-state method. Within the

non-steady state methods, there are several different approaches to obtain the diffusion

coefficients, depending on the way the tracer is introduced. The tracer can be introduced

keeping constant the concentration at one end as can be seen in Figure 5a, or as an

impulse source (cf. Figure 5b) and also as an extended source (cf. Figure 5c). The

diffusion experiment in Figure 5a gives the apparent diffusivity, which is calculated from

the following equation:

 
tD

xerfcCC
a2

/ 0 =  (3.6)

 where C tracer concentration in the sample
 C0 initial tracer concentration in the sample
 Da apparent diffusion coefficient
 x distance from the surface 
 t experimental time
 
 The arduous task of the experiment is to keep constant C0 for cationic diffusion, because

diffusion through the filter may be rate-determining.
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 (a) (b)

 
 (c) (d)

 Figure 5. Non-steady state diffusion experiment where the tracer is introduced (a)
keeping constant the concentration at one end; (b) as an impulse source; (c) as an
extended source. (d) Steady-state through diffusion experiment (Eriksen and
Jacobsson, 1984). 

 

 When the tracer is introduced as an impulse the apparent diffusivities are

calculated as follows:

 tDx

a

ae
tDA

MC 4/2

2
1/ −=
π

(3.7)

 where A cross-sectional area (m2)
 M total amount of tracer (Bq)
 
 By taking the logarithm of both sides of equation (3.7) a linear expression is obtained, the

slope of which gives the apparent diffusivity coefficient. 
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 When the tracer is introduced as an extended source, the distribution in the sample

is obtained from equation (3.8)

 










 +
+

−
=

tDh
hxerfc

tDh
hxerfcCC

aa
So /2

/1
/2

/1
2
1/ (3.8)

 where h thickness of the source 
 CSo initial concentration in the source

 In all profile experiments the apparent diffusion coefficient can be calculated

directly from the diffusion data but the distribution factor (Kd) must be determined in

separate sorption experiments.

 

 In the steady-state experiment as shown in Figure 5d, a compacted water saturated

bentonite is sandwiched between two reservoirs. The tracer is added to one of the

reservoirs and allowed to diffuse through the sample. The temporal change in the other

reservoir is monitored and the apparent and effective diffusivities evaluated from

equations (3.9-3.10) (Eriksen and Jacobsson, 1984; Muurinen et al., 1987):

 
)( 0 L

e CCA
JLD
−

= (3.9)

 
e

a t
LD
6

2

= (3.10)

 where J flux through the diffusion cell (Bq s-1)
 L thickness of the bentonite plug (cm)
 A surface area perpendicular to the diffusion direction (cm2)
 C0 concentration in the inlet reservoir (Bq cm-3)
 CL concentration in the outlet reservoir (Bq cm-3)
 te time lag, the point where the asymptote of the break-through curve

intercepts the time axis (s).
 

 By opening the cell and analyzing the solid layers, one obtains information about the

diffusion Kd value. Combined activity profile together with the breakthrough curve gives

a good measure of the sorption Kd and Da. 

 To be able to measure the apparent diffusivity and sorptive distribution in the

same experiment, we chose to use a through diffusion technique (Figure 5d) which is

described more in detail in the section 3.2.4.
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 3.2.3. Diffusion setup
 The diffusion cell, made of PEEK, is shown schematically in Figure 6b. Bentonite

was statically compacted in the diffusion cylinder (internal diameter 1 cm and 0.5 cm

long) to a dry density of 1.8 g cm-3. The diffusion cylinder and endplates containing in

and outlet channels fitted with metallic filters (0.082 cm thick) were assembled and the

clay equilibrated with the aqueous solution for at least three weeks by pumping solution

from reservoirs through the end plate channels.

 

 
 Figure 6. Setup of (a) sorption experiments and (c) diffusion experiments.
(b) Diffusion cell. 

 

 After water saturation a small volume of diffusant solution, containing the tracer

and inactive carrier required to give the chosen diffusant concentration, was added to the

reservoir at the inlet side of the diffusion cell. The activities of the solutions in inlet and

outlet reservoirs were monitored by γ-spectrometry using a germanium detector and

multichannel analyzer or liquid scintillation counting on small sample volumes. The

volume of the inlet reservoir was sufficient to keep the concentration nearly constant

(within a few percent) throughout the experiments. At the end of the experiments, the

diffusion cell was dismantled and the bentonite sliced into thin sections. Each section was

weighed and the activity measured by γ-counting. The diffusion properties of the filters

used were measured in separate through diffusion experiments (Eriksen and Jansson,

1996), using a package of five filters, and the filter porosity was measured by weighing

dry and water saturated filters.
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 3.2.4. Evaluation of diffusion data
 For sorbing diffusants, evaluation of diffusion parameters is strongly influenced

by the presence of filters in the diffusion cell. A thorough analysis of the complete

diffusion system as shown schematically below is therefore required.
 Inlet filter   Bentonite Outlet filter

  
 

 
 C0

  
 
 Df

 εf
 C1
 

 
 
 D
 ε
 C2
 R
 
 

 
 
 Df

 εf
 C3

 
 
 

 C ∼ 0

 − F 0 L L + F
                
 

 Figure 7. Mathematical description of diffusion analysis. εf: filter porosity, Df:
apparent diffusion constant in filter (cm2 s-1), F: filter thickness (cm), C1,3:
concentrations in the filters (Bq cm-3), C0:concentration in inlet solution(Bq cm-3),
L: length of clay (cm), ε: clay porosity, R: capacity (retardation) factor defined as
the ratio of the overall concentration of diffusant in the bentonite to the
concentration in the solution accessible for diffusion (R=(ε +ρ Kd)/ε), C2:
concentration in pore solution (Bq cm -3).

 

 The diffusive transport through the inlet filter (-F < x < 0) is given by equation (3.11)

 J = -A εf Df (∂C1 / ∂x) (3.11)

 where J flux through the filter
 A cross-sectional area (cm2)
 εf filter porosity
 Df apparent diffusion constant in filter (cm2 s-1)
 C1 concentration in filter ( Bq cm-3)

 The diffusive transport through the compacted bentonite (0 < x < L) is given by 

 J = -A ε Da R (∂C2 / ∂x) (3.12)

 where R capacity (retardation) factor defined as the ratio of the overall
concentration of diffusant in the bentonite to the concentration in the solution
accessible for diffusion R = ε + ρ Kd / ε  (3.13)

 C2 concentration in pore solution (Bq cm -3)
 
 The corresponding transport equation for the outlet filter is given by equation (3.14)

 J = -A εf Df (∂C3 / ∂x) (3.14)
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 The boundary conditions are given by C(-F,t) = C0 ; C1(0,t) = C2(0,t) ; C2(L,t) = C3(L,t) ; 

 C3(L+F,t) = 0 and no storage in phase boundaries.

 The accumulated flow of diffusant through the outlet filter Q(t) is given by the flux

through the boundary x = L+ F integrated from time zero to t

 Q(t) = A εf Df ∫
0

t

(∂C3 (x,t') / ∂x)x=L+F dt' (3.15)

 An analytical solution to equation (3.15), defining the break through curve, can be

obtained by the Laplace transform method (Put, 1991). However, to make use of all the

experimental data, i.e. the accumulated flow and the concentration profile within the

compacted bentonite, we have chosen to use a finite difference based simulation code

(ANADIFF) (Eriksen and Jansson, 1996).

 

 ANADIFF: Diffusion data code
 The code ANADIFF calculates the apparent diffusion coefficient Da and the

sorption coefficient for transport Kd . In the simulations A, εf, ε, Df, C0, F, L and ρ are

kept constant while Da and Kd are varied. The parameters used in ANADIFF code for

anion diffusion can be seen in Table 5. 

 

 Table 5. Parameters used in ANADIFF code for anion diffusion.
Parameter Value or denoted Units
Filter thickness 0.082 cm
Filter diffusivity Df cm2 s-1

Filter porosity 0.25 -
Soil length L cm
Soil diffusivity Da (varied) cm2 s-1

Soil porosity ε -
Soil capacity factor ε + Kdρ cm3 g-1

Inlet concentration C0 cps cm-3

Outlet concentration 0 (assumed) cps cm-3

Total time of interest t days
Cross sectional area 0.785 cm2
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 4. Results

 4.1. Sorption
 (Paper III and V)

 4.1.1. Sorption mechanisms
 The envisaged sorption processes are ion exchange on the negative structurally

charged surface and surface complexation with aluminol Al(OH) and silanol Si(OH) edge

groups. Precipitation although taken into account in the modeling data fitting, is not

expected to have an important role at the experimental metal concentration  (10-5–10-6M)

since the concentration of free or unoccupied surface adsorption site on a solid phase is in

excess with respect to the concentration of the solute in the solution (Sposito, 1989).

According to the criteria given by Dzombak and Morel (1990), surface precipitation is

likely to occur when the metal ion concentration ≥ 1/10 of the solubility limit and the

surface coverage ≥ 1/3.

 

 Whereas cation sorption by ion exchange is expected to be pH independent within

a wide pH range, cation sorption by surface complexation on geological material

generally displays sharp pH-dependent sorption edges over pH 5.

 

 4.1.2. Sorption results
 The experimental results of the interaction between MX-80 Wyoming bentonite

and NaClO4 solutions at different ionic strength under aerobic conditions are interpreted

with the following assumptions:

 

1. Equilibration of the bentonite with spiked solutions varies the
concentration of the initial solution and the surface coverage. 

2. When going from the acid pH to the neutral-alkali range of pH,
deprotonation of surface OH groups on the surface of montmorillonite
is found and dissolution of some impurities like calcite is expected. 
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3. pH increases additionally because of the dissolution of calcite and the
ion exchange reaction of Na-smectite (NaX). 

CaCO3(s) + H+ l Ca2+ + HCO3
- 

2 Na-X + Ca2+ l CaX2 + 2 Na+ 
where X is an ion-exchange site of smectite.

4. Formation of the following aqueous complexes at neutral-alkali pH are
considered: MgOH+, NaCO3

-, CaCO3, MgCO3, HCO3
-, NaHCO3,

CaHCO3
+, MgHCO3

+, CsOH, MgOH+, CaOH+, SrOH+, CoOH+,
EuOH2+, EuOH+, Ca(OH)2, Mg(OH)2, Sr(OH)2, Co(OH)2, Eu(OH)2

+,
Eu(OH)3, Eu(OH)4

¯, SrCO3, CoCO3, EuCO3
+, Eu(CO3)2

¯, EuHCO3
2+,

EuCO3(OH), SrSO4, EuSO4
+.

5. Precipitation of the following solids are considered: Mg(OH)2(s),
Ca(OH)2(s), Sr(OH)2(s), SrCO3(s), Co(OH)2(s), CoCO3(s), Eu(OH)3(s),
Eu2(CO3)3⋅3H2O (s).

6. Na-smectite is converted to Ca-smectite by ion-exchange reaction.
Therefore Na+ increases and Ca2+ and Mg2+ decrease in solution.

 The fitting of the data is based on the surface chemical equilibria reactions given in Table

6 as well as the bentonite parameters in Table 1.

 Table 6. Surface chemical reactions and equilibrium constants for
montmorillonite.
Reaction Log Ka,b Reference
hSOH + H+ = hSOH2

+ 5.4 a
hSOH = hSO- + H+ - 6.7 a
hWOH + H+ = hWOH2

+ 4.5 b
hWOH = hWO- + H+ - 7.9 b
H+ + X¯ = HX 21.0 c
Na+ + X¯ = NaX 20.0 a
K+ + X¯ = KX 20.26 a
Mg2+ + 2 X¯ = MgX2 40.17 a
Ca2+ + 2 X¯ = CaX2 40.21 a
 (a)Wieland et al. 1994 (b)Baeyens and Bradbury(1997), (c) Muurinen (1997)
 Note: The soluble hydrolysis constants of the metal ions are included in the 
 model calculations; and can be found in APPENDIX I.

 

 The set of constants in Table 6 are taken from Wieland et al. (1994). In their work

bentonite was purified to Na-montmorillonite, titrated and the equilibrium constants at

the solid surface fitted. However, Wieland et al. (1994) did not consider strong and weak

sites but two kind of sites: a cation-exchange site (XH) and a surface complexation site

(hSOH). Bradbury and Baeyens (1997) defined three kinds of sites: (1) weakly acidic

groups XH that account for ion exchange, and (2) two amphoteric surface hydroxyl-type,
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sites, which contribute to the overall sorption on Na-montmorillonite. Within the

amphoteric sites, there are strong sites (hSOH) with high affinity but low capacity, and

weak sites (hWOH) with less affinity but higher capacity. Another author (Kraepiel et al.,

1999) calculates the adsorption by cation exchange from the potential inside the solid and

the concentration of Mn+ in solution, and thereafter defines two types of reactive surface

sites: The so-called “strong sites” (hSSOH), which have high affinity for metal

concentrations; and the “weak sites” (hSWOH), which play a role only at high pH or high

metal concentration, when the strong sites are saturated. We used Wieland’s (1994) data

but when these data were incomplete we used Baeyens and Bradbury  (1997) (hSOH,

hWOH) and for the reaction H+ + X¯ = HX in the soft clay logK=21, as suggested by

Muurinen and Lehikoinen (1997). The constants for the cations under study obtained

from fitting the experimental data are given in Table 7. 
 

 Table 7. Equilibrium constants obtained from fitting of the experimental data. 
Equilibrium log K
Cs+ + X¯ l KX 23.10
Sr2+ + 2 X¯ l SrX2 42.1
SrOH+ + X- l SrOHX 21
Co2+ + 2 X¯ l CoX2 42
CoOH+ + X- l CoOHX 21
Eu3+ + 3X¯ l EuX3 63.5
EuOH2+ + 2X- l EuOHX2 42
EuCO3

+ + X- l EuCO3X 21
≡SOH + Cs+ l ≡SOCs + H+ -5.0
≡WOH + Cs+ l ≡WOCs + H+ -5.0
≡SOH + Sr2+ l ≡SOSr+ + H+ 6.0
≡SOH + SrOH+ l ≡SOSrOH + H+ -5.0
≡WOH + Sr2+ l ≡WOSr+ + H+ -5.5
≡WOH + SrOH+ l ≡WOSrOH + H+ -9.2
≡SOH + Co2+ l ≡SOCo+ + H+ 7.1
≡SOH + CoOH+ l ≡SOCoOH + H+ -8.0
≡WOH + Co2+ l ≡WOCo+ + H+ -13.0
≡WOH + CoOH+ l ≡WOCoOH + H+ -8.2
≡SOH + Eu3+ l ≡SOEu2+ + H+ 8.0
≡SOH + EuOH2+ l ≡SOEuOH+ + H+ 8.0
≡SOH + EuCO3

+ l ≡SOEuCO3 + H+ 4.0
≡SOH + Eu(CO3)2

- l ≡SOEu(CO3)2 + H+ -1.0
≡WOH + Eu3+ l ≡WOEu2+ + H+ 1.0
≡WOH + EuOH2+ l ≡WOEuOH+ + H+ 8.0
≡WOH + EuCO3

+ l ≡WOEuCO3 + H+ 4.0
≡WOH + Eu(CO3)2

- l ≡WOEu(CO3)2 + H+ -1.0
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 A summary of some experimental results can be seen in Figures 8-11, for Cs+,

Sr2+, Co2+ and Eu3+, respectively (Paper III and V) and Kd-values for Li+, Na+ and Ca2+ in

APPENDIX II.

 

 The sorption of the alkaline metals and alkaline earth metals is low at all ranges of

ionic strength. Due to non specific sorption, the exchange only takes place in the

permanent charge sites and the sorption is almost constant for the whole range of pH. 
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 Figure 8. Experimental data for Cs+ sorption on bentonite (MX-80), [Cs+]= 1.10-6M in
function of the pH, for different ionic strengths (NaClO4 concentration, mol dm-3).
[NaClO4]=1M ,  0.1M ,,0.01M , and  0.001M .
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 In Figure 8, Kd values for Cs+ sorbed onto bentonite are plotted versus pH at

different ionic strengths. Cs+ does not present pH dependence but a very strong

background electrolyte dependence, which indicates that Cs+ is only sorbed by cation-

exchange, as other authors have already seen (Wanner et al., 1996; Poinssot et al., 1999).
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 Figure 9. Experimental and calculated data for Sr2+ sorption on MX-80 together with the
modeled sorption curves based on calculated surface complexes formation constants for:
[Sr2+]= 1.10-5M, [NaClO4]=1M ,  0.1M , 0.05M  and 0.01M .

 

 In Figure 9, data for strontium sorption on bentonite are shown. From the Na+

concentration and pH-variation analyses, it is obvious that the relative effect of the

cationic inventory on the Sr2+ / Na+ exchange is greatest in suspensions with low Na+

concentration of the supporting electrolyte. At high ionic strength, the effect is

suppressed as Na+ is highly dominating. Whereas Kd-values for Na+ and Cs+ are pH

independent in the range 2 to 10 (Paper IV), the Kd-values for Sr2+ increase slightly at

pH > 7. 
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 The Kd-values for Co2+ increase three orders of magnitude in the pH range 6 to 9

as can be seen in Figure 10 at 0.1M NaClO4. Sorption data at different ionic strengths are

shown in Paper V (Figure 4 – Paper V). Sorption processes for Co2+ onto

montmorillonite have been studied by Papelis and Hayes (1996) and using X-ray

absorption spectroscopy (XAS), they have shown that Co2+ (1x10-4M) forms outer-sphere

complexes with the permanent layer sites at low pH, while with increasing pH, it forms

inner-sphere complexes / surface precipitates with surface hydroxyl groups.

 The insert in Figure 10 shows the sorption dependence on Na+- concentration in

the pH range 2-5,  with a slope of –1, indicating that the exchange occurs as if it were

monovalent and the corresponding reaction is the following:

 NaX + Co2+ l CoX+ + Na+

 Figure 10. Experimental data for Co2+sorption on bentonite versus pH (MX-80,
[Co2+]= 1.10-5M, at 0.1M NaClO4). Insert shows the sorption dependence on
Na+- concentration in the pH range 2-5.

 The expected reaction would be:

 2 NaX + Co2+ l CoX2 + 2 Na+

 giving a slope of –2. However for Sr2+ we have observed a slope of ~ -1.1 and for Eu3+ ~

-1.6, which illustrates the difficulty in using simple binary cation exchange when

analyzing the background electrolyte concentration dependence on multi-component

sorption processes.
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 Europium (III) sorption on bentonite is plotted as % sorbed versus pH at three

different ionic strengths in Figure 11. As can be seen, the influence of the ionic strength

is very small at high pH. 
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 Figure 11. Experimental results from batch sorption experiments of europium on
bentonite at 1M, 0.1M and 0.01M NaClO4 solution plotted vs. pH together with
the modeled sorption curves based on calculated surface complexes formation
constants for Eu3+. [Eu3+]= 2.10-6M,[NaClO4]= 1M ,  0.1M , 0.01M . 

 

 Europium sorption on bentonite with a concentration of supporting electrolyte of

0.05 M has a sorption edge between pH 2 and pH 5, whereafter the sorption increases

slightly according to a study performed by Fairhurst et al. (1998). At high concentrations

of supporting electrolyte (1-4 M) the sorption behavior of europium on bentonite is

identical to the sorption on negatively charged metal oxide surfaces (Wenming et al.,

2001), because the high Na+ concentration suppresses the cation exchange for europium.

 
 The modeled data for Cs+, Sr2+, Co2+ and Eu3+ at a Na+ concentration of 0.1M are

plotted in Figure 12. A good description of the different sorption mechanisms can be

drawn. At this ionic strength strontium is sorbed predominantly by cation exchange until

pH 7.5. Cs+ is sorbed by cation exchange in the whole pH range, while Co2+ and Eu3+

present a strong dependence on pH, although Eu3+ sorbs much more strongly than Co2+. 
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 Figure 12. Data for Cs+, Sr2+, Co2+ and Eu3+ at 0.1M NaClO4
concentration.[Eu3+]=2x10-6M,[Co2+]=1x10-6M,[Sr2+]=1x10-5M,[Cs+]=1x10-6M.

 
 A thermodynamic approach to the problem, as described in detail in Paper V,

provides some additional insights about the ionic properties governing the sorption

process. Although the Kd values presented in this work are operational constants, they

also have thermodynamic relevance, in particular when comparing sorption data for

different cations. It can be shown that lnKd for a surface complexation process on a given

surface (i.e. bentonite) is proportional to the difference in free energy between ion

solvation at the surface and ion solvation in the solvent: 

 

 CGGKRT solvcsd +∆−∆∝− oo
..ln (4.1)

 

 where o
s.c.∆G  free energy of solvation at the surface

 o
solv∆G  free energy of solvation in the solvent (water) 

 C constant that is independent of the ion (i.e., the free energy of the
bentonite surface in solution). 

 

 For binary cation exchange, the corresponding free energies for Na+ should be included

in the expression for Kd. 
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 Born's model for ions in solution implies that the free energy of solvation of small

ions is proportional to q2/r where q is the charge and r is the ionic radius (Laidler and

Meiser, 1982). Hence, plotting lnKd for a number of cations against q2/r could provide

some interesting information about the thermodynamics of the sorption process relative

to the solvation process (Figure 13). 
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 Figure 13. lnKd for cation sorption on bentonite at pH = 4 and 7 and [Na+] =
0.01 and 1 M (Data presented in Paper V)

 

 This plot shows that lnKd increases with increasing q2/r. The major increase can

be attributed to the change in the dominant sorption mechanism. However, for cations

predominantly sorbed by surface complexation (i.e. cations with higher q2/r) there is also

a small increase in lnKd with increasing q2/r. This indicates that o
..csG∆  is more sensitive

to q2/r than is the free energy of solvation, which would parallel the trends found for

solvation of ions in different solvents (Jonsson et al., 1999).

 

 The above plot clearly illustrates how high sodium concentrations effectively

diminish sorption of cations with charge 1 and 2. At low pH, where surface complexation

is suppressed, the sorption of cations with charge 3 is also significantly affected by the

presence of high Na+ concentrations. The effect of pH on surface complexation is also

very clear when comparing the data sets for pH 4 and pH 7 ([Na+] = 1 M), i.e. only
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cations with low charge density are significantly affected by the high Na+ concentrations

at pH 7, where surface complexation is more favorable than at pH 4. Hence, the pH at

which surface complexation becomes the predominating sorption process (the sorption

edge) depends on the charge as well as the size of the cation. In general, the pH at which

the sorption edge occurs decreases with increasing q2/r.

 

 4.1.3. Ionic strength, pH, and mineral inventory effects 
 The sorption of Na+, Cs+, Sr2+ is strongly dependent on the concentration of the

major cations (Na+, Ca2+, Mg2+) clearly indicating cation exchange as the dominant

mechanism. The relative importance of surface complexation also depends on the

concentration of major cations but obviously pH, increasing with increasing pH and salt

concentration.

 

 In the bentonite system one cannot restrict the study to binary exchange. All

cationic inventory is competing, for the permanently charged sites. This can be seen in

Figure 14. The Kd values are affected by the final ionic strength which is given by the

different solid to solution ratios. For the high ratio S/V=0.5/20 (g cm-3), soluble

impurities dominate the system, and the sorption appears to be independent of ionic

strength. 
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 This can also be seen when comparing Figure 15(a) and (b). The effect of the

inventory is higher for I ≤ 0.1M (Paper III) and strontium sorbs much more strongly in

the absence of impurities. At high pH the calcite found in natural bentonite does not

dissolve, and therefore Sr2+ is no longer in competition with Ca2+ but with Na+ and

displays similar Kd values with natural and purified bentonite at low ionic strength.
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 Figure 15. Experimental and calculated data for Sr sorption on MX-80 at
different ionic strength (0.01M, 0.05M, 0.1M, 1M NaClO4). (a) Sr sorption on
natural bentonite; (b) Sr sorption on purified bentonite.

 

 

 

 

 4.2. Diffusion
 (Paper I, II, IV, VI)
 
 Typical experimental and simulated accumulated flux and concentration profile

plots for  Sr2+ are shown in Figure 16a and 16b, and for I- in Figure 17a and 17b,

respectively.

 

 The Kd values obtained from simulations are in good agreement with Kd values

obtained in batch sorption experiments (see Paper II, Figures 5a and 5b).  



  34

 

0

5

10

15

20

25

30

0 1 2 3 4 5 6 7

Time (days)

A
cc

um
ul

at
ed

 a
ct

iv
ity

 (c
A

)

Sr 2+  data
Sr 2+  simulation

0

50

100

150

200

250

300

350

0.0 0.1 0.2 0.3 0.4 0.5
Cell length (cm)

C
on

ce
nt

ra
tio

n 
(c

A
 c

m
-3

)

I = 0.5 M  

ρ = 0.8 g / cm3

Da = 4.10-7 cm2/s

Kd = 15 cm3/g

 (a) (b)

 Figure 16. (a) Experimental and calculated breakthrough curves for 10-6 M Sr2+.
(b) Experimental and calculated 85Sr diffusion profile. Dry density 0.8 g cm-3,
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 Figure 17. Diffusion of iodide (I-125) in bentonite compacted to 1.6g cm-3 with
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sensitivity of the curve fitting, different simulations are displayed. (a)
Breakthrough curve; (b) Diffusion profile.
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 A diffusion model for porous media encompassing diffusion in the pore water and

complete immobilization of sorbed species, yields equation (4.2)

 
d

pp
a K

DD
D

ρε

ε

α

ε

+
== (4.2)

 where Da apparent diffusion constant
 Dp pore diffusion constant, 
 ε porosity
 α capacity factor
 Kd distribution coefficient 
 ρ dry bulk density of the porous medium. 

According to equation (4.2) the apparent diffusivity should decrease nearly

linearly with increasing Kd. Plotting diffusion data at 1.8 g cm-3 dry density as log Da for

Na+, Sr2+, Co2+ (Figure 18a) and Cs+ (Figure 18b) versus log Kd it is clearly seen that only

Da for Co2+ display this behavior.

 

 Assuming instead diffusion of sorbed cations to take place and to be Fickian,

equation (4.2) can be modified to read

 
ρε

ρ
ρε

ε

d

sd

d

p
a K

DK
K
D

D
+

+
+

= (4.3)

 where Ds surface related diffusivity. 

 

 Da curves  for Na+, Cs+ and Sr2+, calculated using equation (4.3)  are plotted in

Figure 18. As can be seen, good fits to experimental data were obtained using Dp = 8.10-

10, Ds = 6.  10-13 m2 s-1 for Cs+ and Dp = 3.10-10 and Ds = 1.10-11 m2 s-1 for Sr2+. These

related surface diffusivities are in fair agreement with results obtained by Muurinen

(1994) and Choi et al. (1992). The apparent diffusivity of Co2+ corresponds to complete

immobilization on sorption as in equation (4.2).

 

 Inspection of these plots shows that in the Log Kd interval -2 to 1, the apparent

Cs+ diffusivity decreases by approximately one order of magnitude whereas for Na+ and

Sr2+  the apparent diffusivity is virtually constant.
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 Figure 18. Apparent diffusivities plotted versus Kd. Full lines are calculated
assuming surface diffusion for (a) Sr2+ and (b) Cs+. Sr2+ (Dp=3⋅10-10, Ds=1⋅10-11

m2 s-1) and Cs+ (Dp=8⋅10-10, Ds=6⋅10-13 m2 s-1).
 

 The surface related diffusion and pore water diffusion (equation 4.3) should not

be interpreted as two parallel diffusion fluxes; it is merely a simple way of handling the

time average pore space distribution of the sorbed ion. Assuming a time average fraction

of the sorbed cation to be mobile and the tortuosity to be constant within the pore space,

equation (4.3) can be rewritten as 

 
( )
( )

( )
( )ρε

ρε
τ
δ

ρε
ρε

d

dw

d

d
pa K

KD
K
K

DD
+
+

=
+
+

=
 f f

2 (4.4)

 where Dw diffusivity constant of the cations in free water 
 f mobile fraction, a factor that is directly related to the excess mobility of

the cation in the clay 
δ constrictivity (assumed to be 1) 
τ2 tortuosity. 

The porosity and tortuosity of the clay MX-80 at different densities are given in Table 8.

 Table 8. Porosity and tortuosity of MX-80 bentonite compacted to different
densities. Diffusivities in aqueous solution (Dw) and diffusivities of the filters (Df)
for the different cations and anions.

Density ( ρ ) Porosity ( ε ) Tortuosity ( τ2 )(a) Cation Dw (cm2 s-1)(b) Df (cm2 s-1)
0.4 g cm-3 0.86 2.1 Na+ 1.38 x 10-5 5.9 x 10-6

0.8 g cm-3 0.70 4.5 Cs+ 2.15 x 10-5 9.3 x 10-6

1.2 g cm-3 0.55 9.5 Sr2+ 8.6 x 10-6 3.7 x 10-6

1.6 g cm-3 0.40 20.1 Co2+ 8.6 x 10-6 3.7 x 10-6

1.8 g cm-3 0.32 29.3 Cl- / I- 2.1 x 10-5

 (a) Muurinen and Lehikoinen (1997) (b) Moelwyn-Hughes (1961)
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 Based on the Dw values (cf. Table 8), the porosities and tortuosities and the

experimental Da and Kd-values, the mobile fractions (f) of the sorbed cations were

calculated from equation (4.4). The f-values are given in Table 9 and the mobile fractions

of Na+, Sr2+ and Cs+ plotted against dry density of the compacted bentonite in Figure 19.

 

 Table 9. Results of the breakthrough diffusion experiments in bentonite clay
compacted to different densities. Da and Kd were obtained fitting experimental
data with ANADIFF, and f was calculated from equation (4.4).

Cation Ionic
strength (M) Density (g cm-3) Da (cm2 s-1) Kd (g cm-3) f % mobile

fraction
0.05 1.8 4.7 x 10-7 6 ~ 100
0.1 1.8 3.8 x 10-7 2.8 ~ 80Na+

1 1.8 5.0 x 10-7 1.3 ~ 100
1.2 2.1 x 10-7 500 23.20.01 1.6 1.4 x 10-7 1200 47.0
0.4 4.3 x 10-7 110 7.9
0.8 3.5 x 10-7 150 26.2
1.2 1.8 x 10-7 130 19.6
1.6 1.0 x 10-7 90 23.2

0.1

1.8 9.0 x 10-8 80 30.4
0.8 4.0 x 10-7 15 16
1.2 2.5 x 10-7 13 23
1.6 2.0 x 10-7 15 46

Sr 2+

0.5

1.8 1.2 x 10-7 15 39
0.4 1.5 x 10-7 200 0.43
0.8 6.4 x 10-8 265 1.02
1.2 7.0 x 10-8 390 2.95
1.6 5.0 x 10-8 580 4.64

0.1

1.8 3.3 x 10-8 580 4.46
0.8 1.8 x 10-7 20 0.45
1.2 8.0 x 10-8 20 1.32
1.6 3.2 x 10-8 40 2.39

Cs +

1

1.8 1.1 x 10-8 50 1.15
0.4 3.0 x 10-9 2400 ~ 0
0.8 1.0 x 10-9 2400 ~ 0
1.2 4.0 x 10-10 2600 ~ 0
1.6 4.0 x 10-10 2400 ~ 0

Co 2+ 0.1

1.8 1.0 x 10-10 2400 ~ 0
 
 

 The diffusion data for Co2+ are plotted as a function of clay dry density in Figure

20. The fully drawn line is calculated using equation (4.4), where δ = 1, f = 0 and a Kd

value of 2400 cm3 g-1. The good agreement between the calculated curve and

experimental data clearly demonstrates that Co2+ is immobilized on sorption.
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 The diffusion of chloride and iodide was studied in Paper VI at different ionic

strengths (0.01 and 0.1M NaClO4) and clay densities (0.4, 0.8, 1.2, 1.6, 1.8g cm-3) at the

buffered pH of bentonite 8.2. Due to the negative surface of montmorillonite, anions are

in deficit by exclusion from the diffuse layer. 

 

 Whereas the breakthrough curve indicates steady-state through diffusion (cf.

Figure 17a), this is clearly not the case according to the activity profile within the

compacted bentonite (cf. Figure 17b). The profile in the clay cannot be modeled with

only one diffusion process. On simulation of the breakthrough curve, we obtain apparent

diffusivity, capacity factor (α = ε + ρKd) and expected activity profile. Subtracting this

activity profile from the experimentally determined activity profile in the bentonite, we

obtain an "activity difference profile" close to the inlet of the diffusion cell. This activity

profile is modeled by assuming a second slower diffusion process. The apparent

diffusivities obtained by this modeling are plotted in Figure 21.
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 The apparent diffusivity for the slow process is approximately two orders of

magnitude lower than for the fast process at 0.4 g cm-3 and nearly three orders of

magnitude lower at 1.8 g cm-3. In contrast to the fast process, the capacity factor for the

slow process increases with increasing density of the compacted bentonite, as can be seen

in Figure 22. 
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 Figure 22. Capacity factors for the anion diffusion processes versus clay dry density. (a)
Fast diffusion process; (b) slow diffusion process.

 

 The capacities for I- at 0.01 ionic strength, being much higher than the porosity as measured

by water content, clearly indicate sorption on the bentonite.

 Assuming diffusion in water and immobilization on sorption, the apparent diffusivity for

the slow process Das is given by the equation

 
ρε

ε
τ ds

sw
as K

DD
+

= 2 (4.5)

 where εs porosity of diffusive pathway.
 
 The tortuosities at different compactions are not known, but assuming these to be similar to

the tortuosities for the fast diffusion process, i.e. assuming the diffusive process to be limited by

the sorption, we obtain the following results:

 εs < 0.01 at all densities, Kd (I-)  2.9 ± 0.8, 0.36 ± 0.04  and Kd (Cl-)  1 ± 0.5, 0.2 ± 0.08  cm3 g-1 in

0.01 and 0.1 M NaClO4 solution at pH 8.2. Kd values for I- are in good agreement with data

published by Bors (Pusch et al. ,1999; Bors et al., 2000).  
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 5. Discussion
 The objective of this study was to better understand the issue of the diffusion

processes in compacted bentonite. As discussed by Loux and Anderson (2001), the

behavior of ions at charged interfaces is influenced by several energy terms, such as

electrostatics and hydration among others. The behavior of ions in the vicinity of the

negatively charged montmorillonite surface is affected by the electrostatic interaction and

the thermal jostling of the ions. The attainment of steady-state leads to a time average ion

distribution in the pore space. The distance of closest contact with the surface is thus

expected to be an important parameter in this distribution. The differences in mobilities

of cations sorbed by ion exchange can be qualitatively understood by considering their

ionic properties: Nature of the ion, e.g. size and charge. 

 

 For cations predominantly sorbed by ion exchange, the hydration energy and

hydration radius can provide some additional insights. Na+ is quite small and heavily

hydrated. This makes the radius of the hydrated ion large and the time average pore space

distribution of the sorbed ion is likely to be far from the surface (f % ~ 80-100), and

hence it moves relatively fast. In contrast, Cs+ is the least hydrated, and the radius of the

hydrated Cs+ ion is smaller than the radius of the hydrated Na+, and therefore Cs+ remains

seated in the Stern layer (f %~ 2). Sr2+ is heavily hydrated and has high hydration energy

(cf. Table 10). Consequently, it should move further from the surface. Chen and Hayes

(1999) have seen by XAS analysis that Sr2+(aq) sorbs as a mononuclear, outer-sphere

complex at clay-water surfaces. In the diffusion experiments we found that strontium has

a high mobile fraction (f ~ 27) and this is consistent with our interpretation that it should

retain its primary hydration sphere largely unperturbed by sorption.

 

 In our diffusion studies the only cation predominantly sorbed by surface

complexation is Co2+. Co2+ has a very small if any mobile fraction, which means that

Co2+ is immobilized by sorption. 
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 The surface complexation process is analogous to hydrolysis of the cation and, not

surprisingly, logK for hydrolysis parallels logKd and consequently also q2/r as shown

previously. For Sr2+, Co2+ and Eu3+ the first hydrolysis constants are logK = 0.86

(Parkhurst, 1995), 4.35 (Baes and Mesmer, 1976) and 6.10 (Haas et al., 1995). The large

differences in logK for hydrolysis suggests that the dominating sorption mechanisms are,

inner-sphere complexation for Co2+ and Eu3+, and a combination of outer-sphere

complexation and ion exchange for Sr2+. The rationale for this being that Co2+ and Eu3+

form strong hydroxide complexes while the hydroxide complex of Sr2+ is relatively weak.

 

 Table 10.Ionic radii, hydration radii for some cations.
Cation Ionic radi(a) Approx.

Hydrated radi(b)
Hydration
Energy
(kJ mol-1)(b)

Li+ 0.76 Å 3.40 Å -531
Na+ 1.02 Å 2.76 Å -416
K+ 1.38 Å 2.32 Å -334
Rb+ 1.52 Å 2.28 Å -308
Cs+ 1.67 Å 2.28 Å -283
Mg2+ 0.72 Å -1949
Ca2+ 1.00 Å -1602
Sr2+ 1.18 Å 2.74 Å -1470
Co2+ 0.69 Å 2.09 Å(c) -2010
 (a)Lee (1991) (b) Dasent (1982) (c) Trivedi and Axe (2001)

 
 For cations predominantly sorbed by surface complexation, sorption on bentonite

at high pH values is consistent with  sorption on pure metal oxides. As suggested by

Dzombak and Morel (1990) based on the trends observed for cation hydrolysis reactions,

cations on the left side of the periodic table form weaker surface complexes than those on

the right, and the higher the cation charge, the stronger the complex. Cations on the left

side of the periodic table are most resistant to hydrolysis, while those on the right

hydrolyze strongly (Baes and Mesmer, 1976). As shown in this work, these tendencies

can be quantified by using the ionic size and charge. 

 

 5.1. Effects of the interlayer and interparticle water
 In the structure of montmorillonite, only a relatively small proportion of the

inorganic cations balancing the negative layer is located at external crystal surfaces. The

majority of these cations are present in the interlayer space between the clay platelets.
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The thin, negatively charged sheets are held together by the electrostatic forces between

alternate layers of bridging cations (typically Na+, in Na+-montmorillonite). When dry

montmorillonite is compacted and equilibrated with aqueous solutions, it is able to take

up water by adsorbing it in the interlayer region. Swelling is the moving apart or

disjoining of the clay particles, until they reach their equilibrium separation under a given

pressure. The increase in the c-spacing, or the degree of expansion of the layer planes

depends on the cations located in the interlayer region and the degree of compaction. If

the interlayer cations are monovalent and strongly hydrated (Na+, Li+), the inter-platelet

repulsion is stronger and the degree of separation is larger. Depending on the extent of

the increase in the basal spacing between two montmorillonite sheets, two types of

swelling mechanisms may be distinguished: crystalline and osmotic swelling (Luckham

and Rossi, 1999). Crystalline swelling results from the adsorption of monomolecular

layers of water on the basal crystal surfaces (on both the external and internal surfaces).

Montmorillonite is capable of intercalating a number of water layers and the c-spacing

increases from 10 to 20 Å (Norrish, 1954). Swelling in this region is primarily due to

hydration of the interlayer cations. Despite attractive electrostatic forces between the

cations and the silicate layers, montmorillonite containing small, monovalent cations like

Na+ can take up more water, and the interlayer spacing may increase abruptly up to 30-40

Å and continues to increase to several hundred Angstroms with water content. This is

called osmotic swelling. Its name comes from a repulsive osmotic force due to the

interaction of the layers, limited to some extent by Van der Waals forces. 

 

 Increasing the density of compacted bentonite is expected to have an effect on the

mobile fraction of cations and anions. According to Torikai et al. (1995) there is a

gradual increase in interlayer water from 1 to 3 water layers with decreasing density in

the dry density range of 2 to 1.4 g cm-3. At lower densities the amount of interparticle

pore water (or free water) increases. 

 

 Measurements of negative sorption (ion exclusion) of Cl- on montmorillonite in

suspensions containing 1% clay by Bolt and Warkentin (1958) yielded negative sorption

of 1 to 11 cm3/g  in 0.1 to 0.001M NaCl solution.
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 Assuming the bentonite compacted to 0.4 g cm-3 to be freely expanded in 0.1M

solution  we can estimate the effect of the negative sorption. The bentonite used contains

approximately 75% montmorillonite and the excluded volume should therefore be

approximately 0.4*0.75*1 = 0.3 cm3. As the porosity for the slow diffusive pathway is

low (<0.1), the capacity for the fast process at 0.1M ionic strength  can be calculated

from the porosity as measured by water content (0.85) to be 0.55, which is in fair

agreement with the α-value 0.5 .

 

 At higher densities and lower ionic strengths overlapping of double layers will

take place leading to a decrease of the excluded volume (de Haan, 1965) as compared to

free expanded clay. 

 

 Based on our experimental observations, we ascribe the fast diffusive process to

interlayer diffusion and the slow process to diffusion in interparticle water. The low

porosity for the latter process indicates that interlayer porosity, due to osmotic expansion

is dominating even at 0.4 g cm-3 dry density.
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   6. Conclusions
 The sorption and diffusion data may be accommodated by assuming that cations

sorbed by ion exchange to variable degree, depending on their tendency to be hydrated,

are mobile in the sorbed state. Cations more specifically sorbed by surface complexation

are immobilized on sorption. The necessity of considering the hydration and hydrolysis

properties of the cations under study in the analysis of their diffusion has been

demonstrated in this study. The data shows that the more hydrated cation, not sorbed by

inner-sphere surface complexation, has also the higher mobility in compacted bentonite.

 

 In principle, the diffusivity of cations that can form surface complexes with

bentonite is expected to decrease with increasing Kd and surface charge (q2/r). A

thermodynamic approach to the understanding of the sorption processes has given more

information about the differences between cation exchange and surface complexation in

the bentonite system. It is also possible to see how pH and Na+ concentration affects the

relative importance of these processes.

 

 The electrical double-layer model was used, with the incorporation of two sites

for surface complexation to obtain a good model for batch sorption data. The mineral

inventory at low ionic strength of the background electrolyte could compete with those

cations whose mechanism of sorption was predominantly through ion exchange, e.g. Cs+

and Sr2+. Co2+ and Eu3+ sorbed less by cationic exchange but by site-specific sorption

mechanisms, and the latter was not affected by the impurities. 

 

 The apparent diffusivity in bentonite compacted to different densities and

equilibrated with different water solutions can be calculated from a set of experimentally

determined properties (Kd, Dw, f) obtained and known values of total porosity and

tortuosity using the relation 
( )
( )

( )
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 The ion mobile fractions are seen as a useful parameter for estimating diffusion

coefficients in bentonite since this factor is related to the excess mobility of the cation in

the clay. Na+ was found to diffuse relatively fast, and as a result of its strong hydration it

is preferentially found far from the bentonite surface and its sorption mechanism is by

cation exchange. The dominant sorption process for Sr2+ is ion exchange, yet strontium

presents some affinity for the hydroxyl sites of bentonite at high pH, when deprotonation

of surface OH groups occurs. Sr2+ moves in the pore water as a highly hydrated species

and forms site-specific complexes at high pH. Cs+, having no tendency to hydrolyze and

being weakly hydrated, sorbs only by ion exchange and remains seated in the Stern layer.

Finally, Co2+ with a stronger hydrolysis than Sr2+ is immobilized by sorption forming

inner-sphere complexes at high pH. 

 

 Apparent diffusivities and capacity factors )( dKρεα +=  are obtained from

diffusion calculations for anions. Two diffusion processes, both with density and ionic

strength dependent apparent diffusivities and capacity factors, were observed. The

diffusion processes observed are ascribed to diffusion in interlayer and interparticle

water. The experimental data indicate that interlayer water constitutes the dominating part

of water in bentonite compacted to dry densities of 0.4 to 1.8 g cm-3 studied in this work,

i.e. the free water or the amount of water not located in the interlayer is very small. 
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 APPENDIX I. Surface chemical reactions and equilibrium
constants for montmorillonite used in the data evaluation

 Equilibrium reaction  log K  Reference

 ≡SOH + H+  Ö  ≡SOH2
+  5.4  (Wieland, 1994)

 ≡SOH  Ö  ≡SO- + H+  -6.7  (Wieland, 1994)

 ≡WOH + H+  Ö  ≡WOH2
+  4.5  (Bradbury, 1997)

 ≡WOH  Ö  ≡WO- + H+  -7.9  (Bradbury, 1997)

 H+ + X-  Ö  HX  21.00  (Muurinen, 1997)

 Na+ + X-  Ö  NaX  20.00  (Wieland, 1994)

 K+ + X-  Ö  KX  20.26  (Wieland, 1994)

 Mg2+ + 2 X-  Ö  MgX2  40.17  (Wieland, 1994)

 Ca2+ + 2 X-  Ö  CaX2  40.21  (Wieland, 1994)

 Ca2+ + H2O  Ö  CaOH+ + 2H+  -12.78  (Parkhurst, 1995)

 Mg2+ + H2O  Ö  MgOH+ + 2H+  -11.44  (Parkhurst, 1995)

 Sr2+ + H2O  Ö  SrOH+ + H+  -13.29  (Parkhurst, 1995)

 Co2+ + H2O  Ö  CoOH+ + H+  -9.7  (Baes, 1976)

 Eu3+ + H2O  Ö  EuOH2+ + H+  -7.9  (Haas, 1995)

 Ca2+ + 2 H2O  Ö  Ca(OH)2(cr) + 2H+  -22.8  (Parkhurst, 1995)

 Mg2+ + 2 H2O  Ö  Mg(OH)2(cr) + 2H+  -16.84  (Parkhurst, 1995)

 Sr2+ + 2 H2O  Ö  Sr(OH)2(cr) + 2H+  -24.3  (Parkhurst, 1995)

 Co2+ + 2 H2O  Ö  Co(OH)2(cr) + 2H+  -14.9  (Baes, 1976)

 Eu3+ + 2 H2O  Ö  Eu(OH)2
+ + 2H+  -16.38  (Haas, 1995)

 Eu3+ + 3 H2O  Ö  Eu(OH)3(aq) + 3H+  -25.42  (Haas, 1995)

 Eu3+ + 4 H2O  Ö  Eu(OH)4
- + 4H+  -34.53  (Haas, 1995)

 Sr+2 + CO3
2-  Ö  SrCO3(cr)  9.27  (Parkhurst, 1995)

 Co+2 + CO3
2-  Ö  CoCO3(cr)  9.98  (Martell, 1997)

 Eu3+ + CO3
2-  Ö  EuCO3

+  7.95  (Haas, 1995)

 Eu3+ + 2CO3
2-  Ö  Eu(CO3)2

-  12.24  (Millero, 1992)

 Eu3+ + HCO3
-  Ö  EuHCO3

2+  11.93  (Haas, 1995)

 Eu3+ + CO3
2- + H2O  Ö  EuCO3(OH)(cr) + H+  7.8  (Spahiu, 1995)

 Sr2+ + SO4
2-  Ö  SrSO4(cr)  6.63  (Parkhurst, 1995)

 Eu3+ + SO4
2- Ö  EuSO4

+  3.66  (Haas, 1995)

 Eu3+ + 2SO4
2-  Ö  Eu(SO4)2

-  5.2  (Spahiu, 1995)
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 APPENDIX II. Summary of the sorption experiments

Metal [NaClO4] pH Kd [M]eq %metal
sorbed

6.86 4.93 9.8E-04 2.41
8.22 1.62 9.9E-04 0.80
8.13 6.63 9.7E-04 3.210.1M

8.58 13.72 9.4E-04 6.42
4.64 16.61 9.2E-04 7.67
4.49 15.24 9.3E-04 7.08
7.28 23.61 8.9E-04 10.56
7.71 24.71 8.9E-04 11.00
8.27 31.53 8.6E-04 13.62
8.20 38.29 8.4E-04 16.07
8.65 36.77 8.4E-04 15.53
8.71 38.82 8.4E-04 16.26
9.27 35.13 8.5E-04 14.94

Li+

0.01M

9.26 32.27 8.6E-04 13.89
1M 4.80 6.70 9.7E-07 3.24
0.5M 4.46 11.25 9.5E-07 5.33
0.1M 4.46 4.43 9.8E-07 2.17
0.05M 4.24 19.20 9.1E-07 8.76
0.01M 4.46 47.46 8.1E-07 19.18
0.005M 3.77 48.74 8.0E-07 19.60
0.001M 4.46 95.01 6.8E-07 32.21
0.0001M 3.74 124.68 6.2E-07 38.40

Na+

0.00001M 3.81 117.93 6.3E-07 37.09
S/V: 0.005 2.72 9.9E-07 1.34
S/V: 0.010 12.07 9.4E-07 5.691M
S/V: 0.025 19.84 9.1E-07 9.02
S/V: 0.005 67.03 7.5E-07 25.10
S/V: 0.010 41.05 8.3E-07 17.030.1M
S/V: 0.025 35.42 8.5E-07 15.04
S/V: 0.005 173.36 5.4E-07 46.43
S/V: 0.010 91.33 6.9E-07 31.350.01M
S/V: 0.025 40.36 8.3E-07 16.79
S/V: 0.005 165.62 5.5E-07 45.30
S/V: 0.010 64.24 7.6E-07 24.31

Ca2+

0.001M
S/V: 0.025 33.48 8.6E-07 14.34
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Metal [NaClO4] pH Kd [M]eq % metal
sorbed

3.37 1.00 9.95E-07 0.50
3.97 1.06 9.95E-07 0.53
6.56 1.54 9.92E-07 0.76
7.34 1.27 9.94E-07 0.63
7.41 2.17 9.89E-07 1.07

0.5M

7.70 0.30 9.98E-07 0.15
4.00 158.49 5.58E-07 44.21
4.12 80.79 7.12E-07 28.77
4.87 86.23 6.99E-07 30.13
4.96 112.20 6.41E-07 35.94
5.21 62.34 7.62E-07 23.76
5.80 186.21 5.18E-07 48.21
6.28 70.09 7.41E-07 25.95
6.90 204.17 4.95E-07 50.52
7.41 94.05 6.80E-07 31.99
7.68 90.23 6.89E-07 31.09
7.88 96.70 6.74E-07 32.59
8.00 158.49 5.58E-07 44.21
8.00 94.15 6.80E-07 32.01
9.20 128.82 6.08E-07 39.18

0.1 M

9.90 169.82 5.41E-07 45.92
4.78 236.08 4.59E-07 54.14
5.32 252.37 4.42E-07 55.79
7.85 422.45 3.21E-07 67.87
7.92 408.65 3.29E-07 67.14
8.08 377.59 3.46E-07 65.37

0.01M

8.21 358.24 3.58E-07 64.17
4.27 204.35 4.95E-07 50.54
5.05 535.57 2.72E-07 72.81
5.16 229.34 4.66E-07 53.42
6.14 506.97 2.83E-07 71.71
7.80 537.11 2.71E-07 72.87
8.24 515.74 2.79E-07 72.06
8.41 720.93 2.17E-07 78.28

Cs+

0.001M

8.56 721.75 2.17E-07 78.30
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Metal [NaClO4] pH Kd [M]eq % metal
sorbed

1.86 2.00 9.9E-07 0.99
4.00 1.60 9.9E-07 0.79
7.00 4.00 9.8E-07 1.96
8.28 3.02 9.9E-07 1.49
8.324 6.59 9.7E-07 3.19
8.34 8.26 9.6E-07 3.97
9.778 14.73 9.3E-07 6.86
11.002 48.48 8.0E-07 19.51

1M

11.13 27.78 8.8E-07 12.20
3.90 14.47 9.3E-07 6.75
4.00 25.00 8.9E-07 11.11
4.30 26.45 8.8E-07 11.68
5.52 28.37 8.8E-07 12.42
7.10 34.72 8.5E-07 14.79
8.86 64.97 7.5E-07 24.52
8.90 74.81 7.3E-07 27.22
9.64 90.92 6.9E-07 31.25
11.80 112.32 6.4E-07 35.96

0.1M

11.89 114.37 6.4E-07 36.38
2.43 108.50 6.5E-07 35.17
3.23 124.70 6.2E-07 38.40
3.43 149.70 5.7E-07 42.81
3.51 128.70 6.1E-07 39.15
3.88 119.20 6.3E-07 37.34
4.02 162.20 5.5E-07 44.78
5.45 137.91 5.9E-07 40.81
8.79 233.71 4.6E-07 53.89
9.02 263.30 4.3E-07 56.83
9.06 254.60 4.4E-07 56.01
9.86 273.50 4.2E-07 57.76
11.75 366.13 3.5E-07 64.67
11.78 408.27 3.3E-07 67.12
11.90 411.10 3.3E-07 67.27

0.05M

2.99 189.20 5.1E-07 48.61
4.21 241.35 4.5E-07 54.68
5.89 395.78 3.4E-07 66.43
7.31 551.51 2.7E-07 73.39
7.80 517.62 2.8E-07 72.13
9.29 706.55 2.2E-07 77.94
9.58 780.95 2.0E-07 79.61
9.80 682.24 2.3E-07 77.33

Sr2+

0.01M

10.02 653.04 2.3E-07 76.55
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Metal [NaClO4] pH Kd [M]eq % metal
sorbed

1.000 4.02 16.20 9.3E-07 7.49
0.500 4.12 1.60 9.9E-07 0.79
0.100 4.22 57.00 7.8E-07 22.18
0.050 4.26 150.40 5.7E-07 42.92
0.013 3.79 364.67 3.5E-07 64.58
0.012 4.93 523.50 2.8E-07 72.36
0.011 5.61 617.70 2.4E-07 75.54
0.008 4.03 519.33 2.8E-07 72.20
0.008 4.95 839.70 1.9E-07 80.76
0.008 5.16 744.20 2.1E-07 78.82
0.006 3.80 386.00 3.4E-07 65.87
0.004 4.97 1242.40 1.4E-07 86.13

Sr2+

0.002 5.14 1186.10 1.4E-07 85.57
 

Metal [NaClO4] pH Kd [M]eq % metal
sorbed

4.02 17.35 9.2E-07 7.98
4.06 16.70 9.2E-07 7.70
4.02 12.28 9.4E-07 5.781 M

4.12 9.74 9.5E-07 4.64
4.12 12.73 9.4E-07 5.98
4.16 12.05 9.4E-07 5.68
4.22 17.34 9.2E-07 7.980.5 M

4.26 19.21 9.1E-07 8.76
4.22 78.59 7.2E-07 28.21
4.15 84.48 7.0E-07 29.70
3.79 75.57 7.3E-07 27.420.1 M

4.93 78.30 7.2E-07 28.14
4.26 153.76 5.7E-07 43.47
4.16 147.93 5.7E-07 42.52
5.61 152.74 5.7E-07 43.300.05 M

4.03 147.71 5.8E-07 42.48
0.013 M 4.16 388.22 3.4E-07 66.00
0.012 M 4.14 332.89 3.8E-07 62.47

5.42 1121.08 1.5E-07 84.86
4.88 408.42 3.3E-07 67.13
4.31 343.27 3.7E-07 63.190.01 M

4.73 702.22 2.2E-07 77.83
4.13 378.30 3.5E-07 65.420.009 M 4.30 429.60 3.2E-07 68.23
4.18 326.24 3.8E-07 61.99
5.11 970.01 1.7E-07 82.91
4.25 302.90 4.0E-07 60.230.006 M

5.00 935.60 1.8E-07 82.39
4.43 386.54 3.4E-07 65.900.005 M 4.81 441.83 3.1E-07 68.84
5.23 1053.34 1.6E-07 84.040.003 M 5.25 966.27 1.7E-07 82.85
4.76 314.95 3.9E-07 61.16

Co2+    

0.001 M 4.88 318.18 3.9E-07 61.40
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Metal [NaClO4] pH Kd [M]eq % metal
sorbed

2.36 56.3 7.8E-07 21.97
2.39 64.6 7.6E-07 24.41
2.66 51.4 8.0E-07 20.45
2.67 62.0 7.6E-07 23.68
3.01 64.6 7.6E-07 24.41
3.12 75.1 7.3E-07 27.30
5.00 92.0 6.8E-07 31.51
5.02 114.4 6.4E-07 36.39
7.07 258.9 4.4E-07 56.42
7.08 305.5 4.0E-07 60.44
7.38 864.7 1.9E-07 81.21
7.4 849.7 1.9E-07 80.95
7.55 682.7 2.3E-07 77.34
7.59 561.0 2.6E-07 73.72
7.85 1950.5 9.3E-08 90.70
7.95 2330.3 7.9E-08 92.10
7.98 1382.2 1.3E-07 87.36
7.98 2016.5 9.0E-08 90.98
8.25 3708.0 5.1E-08 94.88
8.4 4202.9 4.5E-08 95.46
8.45 4472.5 4.3E-08 95.72
8.67 4065.8 4.7E-08 95.31

0.1M

9.03 6074.2 3.2E-08 96.81
3.96 310.8 3.9E-07 60.85
4.76 555.6 2.6E-07 73.53
4.87 561.0 2.6E-07 73.72
6.22 1382.2 1.3E-07 87.36
6.60 1464.2 1.2E-07 87.98
7.30 1944.4 9.3E-08 90.67
7.7 1999.6 9.1E-08 90.91
7.76 6392.4 3.0E-08 96.97
8.19 6239.6 3.1E-08 96.89

Co2+  

0.01M

8.5 7082.0 2.75E-08 97.25
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Metal [NaClO4] pH Kd [M]eq % metal
sorbed

3.64 5.8 9.72E-07 2.82
4.25 7.1 9.66E-07 3.44
5.88 817.3 1.97E-07 80.34
6.54 878.4 1.85E-07 81.45
6.93 5087.9 3.78E-08 96.22
7.34 13138.1 1.50E-08 98.50
7.94 1029.9 1.63E-07 83.74

0.5 M

8.58 15671.3 1.26E-08 98.74
3.82 12.6 9.41E-07 5.93
4.42 35.3 8.50E-07 15.00
6.48 8721.5 2.24E-08 97.76
6.92 1357.4 1.28E-07 87.16
7.49 5922.2 3.27E-08 96.73
7.76 22910.6 8.65E-09 99.13
8.29 2107.2 8.67E-08 91.33

0.1 M

9.18 29178.3 6.81E-09 99.32
3.91 383.2 3.43E-07 65.71
4.95 564.6 2.62E-07 73.84
5.32 1049.2 1.60E-07 83.99
6.48 1462.0 1.20E-07 87.97
7.37 9557.2 2.05E-08 97.95
7.65 32068.4 6.20E-09 99.38
8.74 4628.4 4.14E-08 95.86

0.01M

9.91 52000.0 3.83E-09 99.62
4.14 421.4 3.22E-07 67.81
4.45 1545.9 1.15E-07 88.54
5.49 3013.0 6.22E-08 93.78
6.49 10703.0 1.83E-08 98.17
7.52 28199.3 7.04E-09 99.30
7.91 1613.1 1.10E-07 88.97
9.30 1308.1 1.33E-07 86.74

Co2+ 

0.001M

9.59 1501.2 1.18E-07 88.24
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