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Abstract
The main issue of this thesis was to obtain information on diffusion and sorption
behaviour on organic colloids in compacted bentonite through experimental studies.
It was to study if bentonite is an efficient barrier for organic colloids or not. If colloids
diffuse into bentonite in sufficient concentrations, the speciation and sorption
characteristics of diffusing radionuclides will change. Colloids might facilitate transport,
especially of radionuclides immobilised by strong sorption on bentonite.

Laboratory experiments were performed to determine the stability of humic substances
(HS) and bentonite colloids in solutions of ionic strengths representative for deep granitic
groundwaters. The HS but not the bentonite colloids were found to be stable in these
conditions.

The competition between complexation with HS and sorption on bentonite of the cations
Sr(II) and Eu(III) were studied in batch experiments. Eu(III) was found to complex with
HS to big extent. If HS is present in sufficient concentrations and stable in compacted
bentonite, the Eu(III)-HS will be a species that has to be accounted for. Sr(II) sorption
decreases in the presence of HS at ionic strength 0.01 M, but not at 0.1 M. Sr(II) sorbs
weakly on bentonite and forms weak complexes with HS.

The diffusion of Sr(II) in bentonite compacted to 1.8 g/cm3 dry density and equilibrated
with 0.1 M NaClO4 solutions was studied with and without HS in the system. The HS
concentration was varied between 0.1 and 0.2 g/l. The Sr(II) diffusion was not affected by
the presence of HS, which is in agreement with the competition data of complexation to
HS and sorption on bentonite.

Diffusion of Co(II) and Eu(III) was studied in bentonite of compaction 0.6-1.8 g/cm3in
the presence of HS. Eu(III) diffusion without HS in the system was studied as well. Co(II)
diffusivity was found to increase significantly in the presence of HS and the Kd-values
decreased drastically. The decrease in the Kd-values was found to be ionic strength
dependent. This is explained by HS complexation capacity decreases with increasing ionic
strength. The results indicate that the strongly surface complexed Co(II) is mobilised by
HS, but the Co-HS is not the only diffusing Co(II) species in the experimental conditions
of this study.

Considering that Eu(III) sorbs strongly on bentonite, the diffusivity of Eu(III) was found
to be rather high at ionic strength 0.01 M. The high diffusivity rates are explained by that
the cation-exchanged Eu(III) around 1 % of the total sorption is in practise mobile. In the
presence of HS, Eu(III) diffusivity increases and the sorption decrease drastically. The
Eu(III)-HS seems to be the dominating Eu(III) species when the HS concentrations are
sufficiently high, and the HS sorption and diffusivity govern the system.

Keywords: Diffusion, sorption, complexation, stability, bentonite, humic substances, Sr(II), Co(II)
and Eu(III).
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Sammanfattning
Syftet med den här avhandlingen var främst att genom experimentella studier få kunskap
om organiska kolloiders sorption och diffusion i kompakterad bentonit. Det var också att
undersöka om bentonit är en effektiv barriär för kolloider, eller om de faktiskt kan
diffundera igenom kompakterad bentonit. Radionukliders diffusivitet igenom
kompakterad bentonit kan förändras vid närvaro av kolloider pga att dess speciering och
sorptions-egenskaper förändras. Kanske kan mobiliteten av starkt sorberande
radionuklider öka i närvaro av kolloider.

Stabiliteten av humussyror (HS) och bentonitkolloider i vattenlösningar med varierande
salthalt, representativa för djupa granitiska grundvatten, undersöktes experimentellt. HS
visade sig vara stabil under dessa förutsättningar, vilket däremot inte bentonitkolloider
var.

Konkurrensen mellan komplexering av Eu(III) och Sr(II) till HS och sorption på bentonit
undersöktes i batch-försök. Resultaten från försöken visar att Eu(III) bildar komplex med
HS i hög utsträckning. Om HS i tillräckligt höga koncentrationer är närvarande och stabila
i kompakterad bentonit, kommer Eu-HS att vara en specie att ta med i beräkningen.
Sorptionen av Sr(II) minskar i närvaro av HS i lösningar med jonstyrkan 0.01 M, men inte
i 0.1 M. Sr(II) sorberar svagt på bentonit såväl som det bildar komplex med HS.

Diffusion av Sr(II) genom bentonit kompakterad till 1.8 g/cm3 i lösningar med jonstyrkan
0.1 M studerades experimentellt både med och utan HS i systemet. Diffusionen av Sr(II)
påverkades inte av närvaro av HS, vilket stämmer väl överens med experimentella
sorptions-data för Sr(II).

Diffusion av Co(II) i bentonit kompakterad till 0.6-1.8 g/cm3 studerades experimentellt i
närvaro av HS. Diffusiviteten av Co(II) ökade vid närvaro av HS och Kd-värdena sjönk
drastiskt. Sorptionen är lägre vid lägre jonstyrkor pga att HS komplexerings kapacitet
ökar med minskande jonstyrka. Resultaten indikerar att Co(II) som sorberar starkt på
bentonit mobiliseras av HS, men Co(II)-HS är inte det enda diffunderande Co(II) speciet.

Diffusiviteten av Eu(III) visades sig vara högre än förväntat i jonstyrkan 0.01 M då
Eu(III) sorberar starkt på bentonit i dessa förutsättningar. De höga diffusiviteterna
förklaras av att en del av sorptionen består i jonbyte av Eu(III) och den delen är mobil. I
närvaro av HS ökar diffusiviteten av Eu(III) såväl som att Kd-värdena sjunker drastiskt.
De experimentella resultaten indikerar att Eu(III)-HS är det dominerade Eu(III) –speciet, i
de undersökta experimentella betingelserna, och HS bestämmer sorptionen och
diffusionen av komplexet .

Nyckelord: Diffusion, sorption, komplexering, stabilitet, bentonit, HS, Sr(II), Co(II) och Eu(III).
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1 Introduction

1.1 Background

In Sweden, as in many other countries, the spent fuel from nuclear power plants will be

buried in deep bedrock repositories. The spent fuel, which in itself has very low solubility

in reducing groundwaters, will be encapsulated in corrosion resistant copper canisters.

The canisters will, be surrounded by compacted bentonite and be placed at a depth of

about 500 metres below sea level in excavated vaults in the bedrock. The bedrock itself

has high sorbing capacity for metal ions and thereby provides retardation for

radionuclides escaping into the biosphere. When groundwater saturates bentonite an

almost cement-like barrier is formed, which gives good mechanical support and

minimises the water flow over the deposition holes. Diffusion will be the only plausible

transport mechanism in water-saturated compacted bentonite. These characteristics, plus

the high sorption capacity for radionuclides, give bentonite excellent properties for

retarding diffusing radionuclides.

Contaminant transport was for a long time believed to be fully controlled by the

distribution of contaminant between the solid phase and solution. The unexpected

appearance of low solubility contaminants, long distances from the sources, led to

examination of the possibility of a colloid phase as carrier. For example Pu from the 1968

nuclear test sites in Nevada has migrated further than predicted, and this observation has

been explained by colloidal transport.1 Organic substances are found in deep

groundwaters. Numerous studies on the complexing capacities of potential radionuclide

carrying humic and fulvic colloids, have shown that they are strong complexing agents, in

particular for multivalent cations e.g. Am(III).2-5 The competition between sorption on

bentonite and complexation by humic substances(HS) is significant for Eu(III) (analogue

for Am(III)).6

The microstructure of bentonite, with nm sized intra-lamellar pore space and µm sized

partly gel-filled inter-particle voids,7  has been seen as an efficient filtering barrier for

colloids and for minimising colloidal transport of radionuclides. However, if the

efficiency of bentonite as a barrier is lower than predicted and stable colloids diffuse into

the bentonite in sufficient concentrations, the speciation and sorption characteristics of

diffusing radionuclides will change. Colloids might facilitate transport, especially of

radionuclides immobilised by strong sorption on bentonite. According to Artinger et al.,

Am (III) strongly sorbed on sand is to some extent mobilised in a sand column by
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introducing HS to the system.8 It is also interesting to note that Am (III) transport by

flowing water in a fracture in granite rock is actually facilitated by humic colloids.9 HS

are known to form complexes with clay-containing soils. Low molecular organic

compounds can sorb between the silica sheets of the expanded montmorillonite, especially

in the lower pH range.10

Diffusion of radionuclides through compacted bentonite has been extensively studied, and

diffusivities for radionuclides present in a repository for spent nuclear fuel, are well

established. However, there is a lack of knowledge, as well as of data, concerning colloids

interacting with radionuclides in bentonite, and colloidal diffusion in bentonite. To

understand the effect on radionuclide migration in compacted bentonite, colloid transport

characteristics have to be examined.

In this thesis, diffusion and sorption of HS and Lignosulphonate(LS) colloids in

compacted bentonite are studied, as well diffusion of Sr(II), Co(II) and Eu(III) in the

absence and presence of HS. The competition between sorption on bentonite and

complexation with colloids is demonstrated. The effect of pH and electrolyte

concentration on the conformation and diffusion of colloids in solution is discussed.

Diffusion paths for colloids in compacted bentonite are also discussed from a bentonite

microstructure viewpoint.

1.1.1. Physical and chemical characteristics of bentonite

Bentonite is mainly composed of clay-like minerals formed by devitrification and

alteration of glassy igneous material, usually tuff or volcanic ash. One of the purest

bentonite deposits is found in the lower Bavaria region and bentonite deposits are found

throughout the world. Individual beds are usually quite thin, varying from cm to about a

metre, but in spite of this, they remain surprisingly uniform in characteristics over

enormous areas.

Wyoming bentonite, sold under the commercial name MX-80, will be used as buffer

material in the Swedish spent nuclear fuel repositories. The material is dominated by

montmorillonite (>80%), while the rest consists of quartz, cristobalite (~10%), plagioclase

(~5%), carbonates, sulphates and sulphidic organic carbon. Dispersed in distilled water

the clay fraction (d<2µm) is approximately 75%. Montmorillonite is built up of

phyllosilicate sheets of one octahedral Al/MgOH layer in between two tetrahedral SiO2

layers, Fig.1.1. Due to isomorphic substitution of Al4+ by Mg2+ in the octahedral layers,
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bentonite surfaces are negatively charged. Ions are coordinated to the intra-layer surfaces

in diffuse double layers, with exchangeable neutralising cations, Fig.1.2. The

exchangeable cations in MX-80 are sodium (~70%), calcium (~20%), magnesium (~5%)

and small amounts of potassium (~2%). From ICP-AES analyses and CEC measurements

of the clay fraction, the mineralogical formula for the montmorillonite has been calculated

to be:11

(Al3.11Fe0.37 Mg0.52)       (Si7.91Al0.09)          O20(OH)4          Na0.42Ca0.06Mg0.01K0.01

octahedral cations                  tetrahedral cations     structural O/OH    exchangeable cations

10-20 nm

Figure 1.1  Montmorillonite structure.
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Figure 1.2. (a) The structure of a diffuse electrical double layer at the surface of a phyllosilicate sheet in

montmorillonite. (b) Distribution of the concentrations of cations (n+) and anions (n-) as a function of

distance from the surface for a symmetrical electrolyte such as NaCl, with a bulk concentration (no).

Cations are sorbed by ion exchange in the whole pH range and by surface complexation

with deprotonated hydroxyl groups ≡SOH + OH-→≡ SO- at pH>6. When exposed to

water, dry montmorillonite adsorbs water between the phyllosilica sheets and the volume

increases. The degree of swelling depends on the exchangeable cations. Na+ and Li+ are

strongly hydrated and give high repulsion between the sheets and large intra-lamellar

distances. Two types of swelling mechanisms, crystalline and osmotic swelling, have been

identified in montmorillonite.12 Crystalline swelling is caused by adsorption of

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

surfaces). The distances between the phyllosilicate sheets can expand to 20 Å by

crystalline swelling. Montmorillonite saturated with polyvalent cations such as Ca2+ does

not expand more than 10 Å, as the repulsive effect of ion hydration is balanced by

electrostatic attraction between the cations and the silica layers. Montmorillonite

containing small, monovalent cations, such as Na+ and Li+can take up more water by

osmotic swelling and give intra lamellar distances of hundreds of Å.12 However, in

compacted bentonite of packing density 1-2 g/cm3, the swelling is volume restricted and

the distances between the phyllosilica sheets can not expand more than a few nm (Paper

VI).

The intra-lamellar spacing for water-saturated compacted bentonite with density 2.0-2.2

g/cm3 is 13.7-16.5 Å and the average number of intra lamellar hydrates is 1-2.7 The
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diameter of inter-particle void is 1-5 µm, although these voids may partly be gel-filled. If

the microstructural network restrains colloidal transport, colloids larger than the pore

dimensions are filtered and diffusion hindered. Negatively charged ions are hindered by

electrical repulsion between the clay surfaces and the negatively charged ions. This results

in ion exclusion. A more chemical approach, not based on microstructure, has recently

been presented by Karnland et al. (2003).13 In their approach, the concentration of ions

introduced into the compacted bentonite can be calculated by the use of basic

thermodynamics and the Donnan equilibrium.

1.1.2. Physical and chemical characteristics of colloids

Colloids, small particles in the size range 1-1000 nm, undergo Brownian motion and

remain in solution because of low gravitational settling. Colloidal dispersions can be

classified as being in between true solutions and suspensions. Particles contain more than

one molecule, but can not be detected in a microscope.14 The specific areas of colloids are

large and adsorption and electrical potential characteristics therefore become very

important. Colloids are constantly generated in natural waters by erosion of rock material

and sedimented mineral oxides, precipitation of mineral oxides, degradation of organic

material etc. Removal of colloids from waters by coagulation, attachment to mineral

surfaces, settling and dissolution are also continuous processes. The stability of colloids is

mainly controlled by surface charge density i.e. they are stable in solution as long as they

are electrically charged.15 Groundwater contains colloids such as organisms, organic

molecules, clay particles and mineral oxides.16 In the bentonite barrier groundwater

colloids, as well as bentonite generated colloids are expected to be present. Low solubility

radionuclides can also appear as colloidal particles. In this work organic colloids, such as

HS are in focus. Many research groups have presented general structures for HS17, which

in principal is impossible, as HS is a heterogeneous mixture of organic degradation

products. One suggested structure is presented in Fig. 1.3.
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Figure 1.3. Suggested humic structure.18

Humic substances are divided into several fractions. Humic and fulvic acids reveal

differences in solubility at different pH. Humic acid is soluble at pH > 2. In natural waters

the molecular weight of HS is in the range of 1000-5000 D and in soils 5000-100000 D17.

A variety of functional groups including carboxyl, alcohol, amino, amine, quinone and

hydroquinone groups have been reported.17 Carboxyl and phenol groups dominate. At pH

>7 the carboxyl groups are mainly and the phenol partly deprotonated and the

complexation capacity for metal ions is therefore high. HS are polyelectrolytes and adapt

their conformation to the surrounding environment. At low pH and high electrolyte

concentration, the particles exist as small, rigid, almost uncharged units. At the other

extreme, high pH and low ionic strength, the HS are linear and stretched out due to

repulsion between the deprotonated sites.17

The diffusivity of HS in water has been shown to be ionic strength dependent, and

therefore indirectly conformation dependent, where the small uncharged particles diffuse

faster than the long charged ones.19 This phenomenon is expected since the diffusivity in

water according to Stoke-Einstein´s law, Eqn (1.1) increases with decreasing radius for

spherical macromolecules.
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ηπr
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6
⋅

= (1.1)

kB Boltzmann constant

T temperature

r particle radius

η viscosity

The same phenomenon has been observed for diffusion of HS through membranes.20

Extensive studies have shown that a large part of the HS in soils is firmly bound to

colloidal clay. Organic compounds can bind to clay by ion-dipole-forces, by van der Waal

forces, by H-bonding or by association with hydrous complexes. The HS can also form

cation bridges in between the phyllosilica sheets in montmorillonite.17 According to

Allen-Swartzen and Matijević10 low molecular organic compounds are sorbed between

the silica sheets of the expanded montmorillonite, especially at pH lower than 7. In

compacted bentonite, intra-lamellar sorption of organics may change the pore dimensions

by clogging of the pore space.21 Since organic anions are normally repelled from

negatively charged clay surfaces, adsorption of HS by clay minerals such as

montmorillonite is significant when polyvalent cations are present on the exchange

complexes. Unlike Na+, polyvalent cations are able to maintain neutrality at the surface by

neutralizing both the charge on the clay and the deprotonated acidic functional groups of

the organic matter. Isotherms for the adsorption of humic acid by montmorillonite,

saturated with different cations are shown in Fig. 1.4.
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Figure 1.4. Sorption isotherms for humic acid by montmorillonite saturated with different cations at pH 7

and 25ºC.22

1.2 Diffusion and sorption in porous media

When there is a concentration gradient but no flow, solute migration is restricted to

diffusion. The tendency for solutes to move in a concentration gradient is measured in

terms of a diffusion coefficient, D. The flux J, of ions, due to steady state diffusion, is

proportional to the concentration gradient and can be expressed in Fick´s first law:

x
c

DJ i

∂
∂
⋅−= 








⋅ timearea
moles (1.2)

ci concentration of constituent i

D, for humic colloids in aqueous solutions at neutral pH, and of ionic strength 0.01-0.1 M

has been reported to be in the order of magnitude of 10-6 cm2/s, and increases with ionic

strength and decreasing pH.19

In porous media, e.g. compacted bentonite, the solutes diffuse in the pore solution. For

solutes not sorbed on the bentonite, the pore water diffusivity Dp is expressed as:
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2τ
δ

⋅= wp DD (1.3)

δ constrictivity

τ2 tortuosity

The constrictivity describes the diffusion dimension with diffusion path as:

δ=1 if diffusion dimensions are straight with path

δ>1 if diffusion dimensions expand with path

δ<1 if diffusion dimensions diminish with path

In compacted bentonite, the constrictivity is assumed to be 1.

The tortuosity describes the meandering of the diffusion path in a porous media and is

mainly dependent of the compaction density of the bentonite, Figure 1.5, Table 1.1.

Figure 1.5. A schematic figure of the tortuosity (τ2) in compacted bentonite

Diffusant

Phyllosilica
sheets
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Table 1.1. Tortuosity in compacted bentonite for cations.23

Compaction density
of bentonite (g/cm3)

τ2

0.6 3
0.8 5
1.0 6
1.2 9
1.5 17
1.8 29

Since the pore dimensions are ionic strength dependent, it is reasonable to believe that the

tortuosity would also be so. However, the ionic strength effect has not been verified

experimentally, probably because it is very small compared to other microstructure

factors.23

Fick´s first law in one dimension and in porous media is expressed as:

x
c

DJ p
p ∂

∂
⋅⋅−= ε 








⋅ timearea
moles (1.4)

ε porosity

For sorbing diffusants, assuming diffusion in pore solution and immobilisation by

sorption, the apparent diffusivity is given by equation (1.5).









⋅+

⋅=
ρε

ε

d
pa K

DD (1.5)

The effective diffusivity De, obtained from the steady state diffusion through the

bentonite, is given by equation (1.6).

α⋅= ae DD (1.6)

α is a capacity factor, taking into account the total concentration in the pore space:
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α=ε for non sorbing species; ε is the porosity

α=ε+ρ⋅Kd for sorbing species; ρ is the dry density of the compacted bentonite

α<ε for negatively charged species (ion exclusion is represented by a negative

Kd)

When radionuclides diffuse in compacted bentonite, in the presence of colloids the pore

water diffusion model has to be extended. The complexity of the pore water diffusion

model increases drastically. In addition to sorption on bentonite the diffusion of

radionuclides is influenced by:

• Colloid sorption on bentonite

• Stability of the colloids

• Diffusivity of colloids

• Colloid and radionuclide complexation

• Sorption of colloid-radionuclide complexes on bentonite

• Diffusivity of colloid-radionuclide complexes in bentonite

These effects are studied in this thesis.

1.3 Objectives of study

The main issue of this thesis was to obtain information on diffusion and sorption

behaviour on organic colloids in compacted bentonite through experimental studies. The

major efforts of this work were focused on the following questions: Do colloids diffuse

through compacted bentonite, or is bentonite an efficient barrier for colloidal transport?

Do organic colloids interact with compacted bentonite? Does sorption, if any, lead to

clogging and changes in the microstructural features of compacted bentonite? Can organic

colloids, such as HS, facilitate radionuclide transport in compacted bentonite? The

experimental studies comprise:
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• Diffusion of organic colloids, as LS and HS, through bentonite compacted to dry

densities of 0.6-1.8 g/cm3, in 0.01 and 0.1 M ionic strength.

• Diffusion of radionuclides strongly sorbed on bentonite, such as Co(II) and Eu(III),

through bentonite of different compactions and as a function of ionic strength of the

saturating solution, with and without HS in the system.

• Diffusion of a radionuclide weakly sorbed on bentonite, Sr(II), through bentonite

compacted to a dry density of 1.8 g/cm3 and equilibrated with 0.1 M NaClO4 solution,

with and without HS in the system.

• Competition between Sr(II) and Eu(III) sorption on bentonite and complexation with

HS as a function of ionic strength and pH.

• Stability of HS as a function of pH and ionic strength.

• Stability of bentonite colloids as a function of pH and ionic strength.

2. Materials

2.1. Bentonite

MX-80 was source material for all tests. It was delivered by Askania AB and produced by

Volclay LTD, Mersyside, UK. The characteristics of MX-80 are listed in Table 2.1.

Table 2.1. Chemical characteristics of MX-80 (Wyoming Na-bentonite)23

Parameter MX-80
Cation-exchange capacity, [X]T 0.75-0.80 meq g-1

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

Edge surface area 3.0 m2 g-1

Exchangeable Na 80.8 %
Exchangeable Ca 12.8 %
Exchangeable Mg 5.5 %
Exchangeable K 0.9 %
Total carbonate (as CaCO3) 1.5 w%
Total quartz ≈ 23 w%
CaSO4 impurity 0.58 w%
MgSO4 impurity 0.02 w%
NaCl impurity 0.01 w%
KCl impurity 0.01 w%
Specific density 2700-2750 kg m-3

The original MX-80 material was also converted to mono-ionic Na- and Ca-

montmorillonites by ion exchange. The coarse material was removed after centrifugation.
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A solution of 3 M NaCl solutions was added to the supernatant. The clay was repeatedly

washed in deionised water, and the supernatant removed, until the ion concentration was

below 0.001 M. The final material was analysed by ICP-AES (Table 2.2) and by X-ray

diffraction in order to determine its composition.

Table 2.2. Results from ICP-AES analyses of the bentonite.

Element (%) MX-80 MX-Na MX-Ca
Al2O3 20.6 21.1 20.2
Ca 1.39 0.118 2.67
Fe2O3 3.93 3.88 3.79
K2O 0.572 0.216 0.306
S 0.301 0.0921 0.149
MgO 2.5 2.43 2.24
MnO 0.0131 0.0041 0.0067
Na2O 2.32 2.76 0.217
P2O5 0.0589 0.0739 0.0468
SiO2 62.1 63.1 60.1
TiO2 0.172 0.164 0.157
LOI
(loss on ignition)

6.1 6 6.5

Sum 100.1 99.9 96.4*
* The analysis of Si in the presence of Ca is difficult and is obtained with a high uncertainty.

   The sum is not 100 %, due to the uncertainty in the Si analysis.

2.2. Colloids

2.2.1 Humic substances

The commercial Aldrich soil humic standard from International Humic Substances

Society (IHSS) was used. HS was dissolved in NaOH and diluted in NaClO4 solutions.

The humic solutions were pH adjusted with HClO4 to the bentonite buffered pH around 8.

The effect of the pH adjustment on the ionic strength was accounted for. The elemental

composition can be seen in Table 2.3.

Table 2.3. Elemental composition of the Aldrich soil HS.

C (%) H(%) O(%) N(%) S(%) P(%) Total (%) Water  (%) Ash
58.1 3.7 34.1 4.1 0.4 0.2 100.6 8.2 0.9

The acidity of the HS was determined to 12.5 meq/g by acid-base titration.
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2.2.2 Lignosulphonate

LS, structurally related to HS (HS are degraded lignin and LS is sulphonated lignin), is

presumably in the same size range but more stable. The structure of LS is not fully

explored but can be described as lignin sulphonated at the phenyl-propane units. LS is a

strong acid and is fully deprotonated at pH > 2. The dominating functional group on the

LS molecules is -SO3
- with a minor contribution (<1%) of phenolic groups. The LS used

here, supplied by Lignotech Sweden, contained approximately 65% sodium LS, while the

remaining constituents were organic acids and inorganic salts. The molecular weight was

30000 D. The acidity, as obtained by acid-base titration, was 2.3 meq/g which is in good

agreement with the theoretical value of 2.6 meq/g supplied by Lignotech.

2.3. Background electrolytes

NaClO4, NaCl and CaCl2 solutions with different concentrations and pH were used in the

experiments. NaClO4 was used due to the low complexing ability of ClO4
- and CaCl2 and

NaCl because they are representative electrolytes for deep bedrock groundwaters. The

solutions were prepared from analytical grade chemicals and millipore deionized water,

and pH adjusted with small volumes of NaOH, HCl and HClO4 solutions. The effect of

the pH adjustment on the ionic strength was accounted for throughout the experiments.

The electrolyte concentrations 0.001-1 M cover the range of electrolyte concentrations

observed in deep granitic groundwater.

2.4. Radionuclides

The tracers used in this study were 134Cs(I), 85Sr(II), 57Co(II) and 152Eu(III). The

radionuclides 134Cs(I), 57Co(II) and 152Eu(III) were delivered in acidic solutions by

Amersham and 85Sr(II) by du Pont Scandinavia. Tracers were added to inactive carrier

solutions. Small aliquots of the concentrated tracer solutions were added to background

electrolytes to give radionuclide concentrations in the range 10-5–10-7 M.

3. Analysis

3.1 UV-VIS spectroscopy

The HS and LS concentrations in solution were measured by optical absorption using an

UV-VIS type LKB, Biochrom, Ultrospec 4050 spectrophotometer (Paper I) and an UV-

VIS type Jasco V-530 (Paper II, IV). The HS and LS absorption spectra were broad,

without any sharp peaks. Concentrations were calculated from absorption measurements



21

at several wavelengths. This procedure was performed to confirm that concentrations

obtained at different wavelengths were internally consistent, i.e. that the spectral shape

did not change with concentration.  The absorption was measured at 278 nm for LS and

278 and 281 nm for HS. The chromophore groups were assumed to be homogeneously

distributed on the organic molecules and directly proportional to the concentration. The

errors from UV-VIS spectroscopy, related to the concentration calibration curves, were in

the range of ± 15%.

3.2 PCS - Photon correlation spectroscopy

Photon correlation spectroscopy (PCS) is a method for determining size distributions, by

measuring translational diffusion coefficients of dispersed particles. The hydrodynamic

diameters can be derived from diffusion coefficients by the Stokes-Einstein equation.

Dispersed particles are illuminated by laser light. The temporal fluctuation of the scattered

light intensity caused by the Brownian motion of the particles is measured.24-25 The decay

time of the fluctuation is related to the translational diffusion coefficient and therefore

indirectly to the particle size. The decay time of the fluctuations is analyzed with a

corrector, processing an autocorrelation function. For spherical particles the

autocorrelation function is expressed:

BeAC KDT +⋅= ⋅⋅⋅− ττ
22)( (3.1)

A is an instrument constant and B is the baseline.
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K is the scattering vector

λ0 laser wavelength

n the refractive index of the liquid

θ scattering angle
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Fitting of the autocorrelation function, Eqn. (3.1) gives the translational diffusion

coefficient and the hydrodynamic diameter, d, can be calculated from equation (3.3):

 
d

Tk
D B

T ⋅⋅⋅
⋅

=
ηπ3

 (3.3)

kB Bolzmann constant

T temperature in Kelvin

η viscosity of the suspending liquid

d hydrodynamic diameter for spherical particles

In the case of polydisperse solutions, with more than one distribution of particle sizes, the

autocorrelation function is more complex. PCS has low sensitivity for small particles in

the presence of large particles.26 It is therefore problematic to measure polydisperse

solutions and filtration was performed to study more defined size distributions. There is a

specific concentration window for size measurement of different colloids. At too high

concentrations multiscattering effects occur, and at too low concentrations the measuring

statistics are weak. The signal amplitude is roughly proportional to the concentration of

particles in solution, and can be used to determine colloid concentrations (Paper VI). The

laser was calibrated using latex particles of defined sizes. The calibration curve based on

particles with approximately the same size as the colloids in solution was used. The

measurements should, however, be regarded as relative and not absolute. Colloidal size

distributions as well as concentrations were measured at the wavelength 488 nm with a

dynamic light scattering instrument 90 Plus Particle Size Analyzer equipped with a 2 W

Lexus Laser Model 95 Ion Laser. The data were evaluated with Brookhaven size particle

software. The uncertainty in the size measurements increases with polydispersity.

However, the uncertainties of the size measurements of LS and HS solutions used in the

diffusion experiments did not exceed 10%.

3.3 ICP-MS, ICP-AES

ICP-MS and ICP-AES analyses were performed by SGAB commercial laboratory in

Luleå, Sweden, to determine elements strongly associated with the bentonite, e.g. Al, Fe,
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Mg etc. (Paper VI). The concentration of Al was assumed to be a marker for bentonite

colloids.27 Reference samples, processed in the same way as the colloidal solutions, were

used. These consisted of 20 cm3 water samples in washed vessels, acidified with 0.5 cm3

65% super pure HNO3. The relative error from ICP-MS and ICP-AES analysis was small,

in the range ±1-5%.

3.4 Acid-base titrations

The acidity of the HS and LS colloids was obtained from acid-base titrations. The

titrations were performed in a dark box thermostated to 25±0.1 C°. All titrations were

carried out in aqueous solutions purged with argon washed in acid (H2SO4), base (NaOH),

and the ionic medium (NaClO4). The titrants 0.1 M HCl and 0.1 M NaOH solutions were

added to 50 ml solutions in steps of 25 µl for LS and 10 µl for HS using a computerized

system consisting of a Metrohm 713 pH-meter and a Metrohm 665 dosimat. pH was

measured by a combined double junction glass electrode (Metrohm AG 9101 Herisau,

8.109.1166) with 3 M KCl and saturated KNO3 solutions as inner and outer electrolyte

respectively. All solutions were titrated from high to low pH and backtitrated from low to

high pH to ensure that the amount of protonation /deprotonation sites remained the same.

The titration curves were derived to find inflexion points and Gran-plots28 used for the

data evaluation. It should be emphasized that titration of organic colloids is problematic

and that starting point, electrolyte concentration etc. are critical parameters.

3.5 Gamma counting

Radionuclide concentrations in sorption and diffusion experiments were monitored by γ-

spectrometry on small samples using a germanium detector and multichannel analyzer.

The measuring times were chosen so that the uncertainties should not exceed 3%. The

overall errors were mainly caused by the heterogeneity of bentonite.
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4. Experimental methods

4.1. Stability of colloids

4.1.1 Bentonite

The colloid stability is a key factor for understanding colloid mediated radionuclide

transport. Aggregation and stability of colloids are known to depend strongly on the

chemistry of the surrounding solution.29 The main component of bentonite,

montmorillonite, consists of phyllosilica sheets with a thickness of ∼1·10-9 m. There is a

possibility that bentonite will form colloids when the highly compacted buffer material is

exposed to water and is free to expand. Such dispersion may jeopardize the buffer

function by loss of material to water-carrying fractures in the surrounding bedrock and

possible continuous removal by the flowing groundwater. Three experiments were

initiated. Experiment 1 included 15 samples with 1 g MX-80, Ca- or Na-bentonite added

to 250 cm3 solution in a graduated cylinder. Daily shaking for a few minutes, during a

one-week period actively dispersed the bentonite. The solutions were thereafter left for

natural settling. After 21 days the upper 30 cm3 of the solution was removed for analysis.

Experiment 2 included 32 samples. MX-80 or Na-bentonite were added to the solutions in

250 cm3 graduated cylinders using two different procedures. Firstly, dry bentonite was

poured into the solutions for single particle settling. The solutions with bentonite were left

standing for one day and thereafter shaken for a few minutes. Secondly, dry bentonite was

poured into graduated cylinders and wetted by a small volume of solution. Following

moistening for 5 minutes, the solutions were poured into the cylinders. The experimental

parameters bentonite/solution ratio and temperature were varied between 0.02 and 0.04

g⋅cm-3, 20 ± 0.2 °C and 60 ± 0.2 °C respectively. After one week 25 cm3 solution was

removed for analysis from cylinders in which sedimentation had occurred. A third

experiment was setup to determine attachment factors. Batch experiments with 1 g of

MX-80 or Na-bentonite in contact with 0.01 M NaClO4, as well as Ca-bentonite in contact

with 0.01 M CaCl2, were performed to continuously follow the colloid concentration in

the solution above the bentonite phase.

The attachment factor (a = interparticle attachment rate / interparticle collision rate) can

predict rate of coagulation, where a ≈1 predicts rapid coagulation and a <<1 predicts slow

coagulation. This factor was determined by measuring the colloid concentration in the

upper solutions at short time intervals. Eqn. (4.1) is given by Mills and Liu (1991) for

monodisperse colloids.30 Integrating this second order kinetic reaction produces Eqn.
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(4.2). At contact times one and three weeks, estimations of the attachment factors in

experiments 1 and 2 were obtained. Attachment factors for the colloidal systems in

experiment 3 were obtained from the slope of the (1/C-1/C0) against time plot. 27 The

estimated and experimentally determined attachment factor were based on the colloidal

mean size 250·10-9.

[ ] [ ]2
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4
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dt
colld B

η⋅
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= (4.1)

a attachment factor

kB Boltzmann constant
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η water viscosity
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4.1.2 HS

The stability of humic solutions was measured as a function of pH, ionic strength and

time. The solutions were prepared in glass tubes, which where filled to the top and

immediately closed with screw caps to minimise contact between humic colloids and

oxygen. The humic solutions were stored for 7 months, where after the humic

concentrations were measured by optical absorption. The solutions were also inspected

ocularly for precipitation. At the end of the experiments pH was measured in all solutions.

4.2. Sorption

4.2.1. Sorption of organic colloids

Batch sorption experiments were performed at different pH, NaClO4 and LS and HS

concentrations. Samples of 0.1 g bentonite suspended in 20 cm3 solutions were shaken

continuously for two to three weeks, where after the clay suspensions were centrifuged at

6000 rpm for 10 minutes. Due to the differences in size distributions, density and stability,

bentonite separated from the solution at this centrifugation rate but organic colloids did
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not. The solutions were analysed for organic molecules by optical absorption using an

UV-VIS spectrophotometer.

4.2.2. Sorption of radionuclides in the presence of colloids

The same procedure as described above was used for preparation of solutions, with the

exception that Sr(II) or Eu(III), was added to a concentration of 10-6 M. Sorption

experiments of Sr(II) or Eu(III) on bentonite, without colloids in the system, were

performed in parallel. The solutions were analysed by γ-counting.

4.2.3. Sorption data evaluation

The distribution coefficient Kd, was calculated using equation (4.3).

w
V

C
CC

K
e

eo
d ⋅

−
= (4.3)

V volume of solution (cm3)

C0 initial humic or radionuclide concentration in solution (g/cm3, cps/ cm3)

Ce humic or radionuclide concentration in solution at equilibrium (g/cm3, cps/ cm3)

w weight of dry bentonite (g)

4.3. Diffusion

4.3.1. Diffusion setup

Diffusion in porous media, such as bentonite, can be studied by different techniques.31 In

this work, a through diffusion technique was used. Bentonite was statically packed to the

desired density in diffusion cylinders and the cylinders assembled with end plates

containing inlet and outlet channels fitted with metallic filters. PEEK cells with 10 mm

diameter and 5 mm length were used, as well as stainless steel oedometers with 50 mm

diameter and 5 mm length. The bentonite was equilibrated with electrolyte solutions with

or without HS, depending on the experiment. The equilibrated solutions were used as inlet

and outlet solutions. The experimental setup for the diffusion experiments is shown in

Fig. 4.1.
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Figure 4.1. Arrangement of the diffusion experiments.

The diffusant was added to the inlet solution, and accumulation of diffusant in the outlet

solution was analysed as a function of time. At the end of the experiments, the diffusion

cells were dismantled and the bentonite sliced into small sections. The sections were

transferred to tubes, in the colloid experiments, containing 20 cm3 NaClO4 solutions and

continuously shaken for one week. In the experiments with activity, the slices were

weighed. The diffusant concentrations were measured in the supernatant by optical

absorption after centrifuging the tubes at 6000 rpm for 10 minutes for organic colloids,

and by γ-counting for radionuclides of the solid phase.
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4.3.2. Diffusion data evaluation

For diffusants not interacting with the bentonite clay, and in the absence of filters, the

apparent and effective diffusivities can be obtained directly from the breakthrough curves

using equations (4.4-4.5):

e
a t

LD
⋅

=
6

2

(4.4)

)( 0 t
e CCA

LJD
−⋅
⋅

= (4.5)

J flux through the diffusion cell (g/s, Bq/s)

L thickness of bentonite cylinder (cm)

A surface area of bentonite perpendicular to the diffusion direction (cm2)

C0 initial inlet concentration (g/cm3, Bq/cm3)

Ct outlet concentration at the end of experiment (g/cm3, Bq/cm3)

te time lag, i.e. the point where the asymptote of the breakthrough curve intercepts

the time axis

However, for sorbing diffusants the diffusion parameters are strongly influenced by

the metal filters and the above evaluation is not appropriate. A more detailed data

evaluation of the different parts of the system is needed. The schematic picture of the

diffusion system is shown in Fig.4.2.

Figure 4.2. Schematics of the diffusion system.
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The diffusive transport through the inlet filter (-F <x <0 ) is given by equation (4.6)

J = -A ⋅εf ⋅Df ⋅ (∂C1 / ∂x) (4.6)

and the boundary conditions

C(-F, t) = C0

εf filter porosity

Df apparent diffusion constant in filter

F filter thickness

C1 concentration in filter

C0 concentration in inlet solution

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

(4.7)

J = -A ⋅ε ⋅Da ⋅R⋅ (∂C2 / ∂x)  (4.7)

R capacity (retardation) factor defined as the ratio of the overall concentration of

diffusant in the compacted bentonite to the concentration in the pore solution

accessible for diffusion,  (R = (ε +ρ ⋅Kd) / ε)

C2 pore solution concentration in (g/l).

At the boundary between the inlet filter and the compacted bentonite, we have the

following conditions:

C1 (0,t) = C2 ( 0,t)

εf  ⋅Df ⋅ (∂C1 / ∂x )x=0 = ε ⋅Da⋅ R ⋅ (∂C2 / ∂t )x=0

(no accumulation in the boundary)
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The corresponding transport equation and boundary conditions for the outlet filter are

given by:

J = -A⋅ εf⋅ Df⋅ (∂C3 / ∂x)  (4.8)

C2 (L,t) = C3 (L,t)

ε ⋅Da ⋅R ⋅ (∂C2 / ∂x)x=L =  εf ⋅Df ⋅ (∂C3 / ∂x) x=L

C3 (L+F, t) =0

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  (4.9)

An analytical solution to equation (4.9), defining the break through curve, can be obtained

by the Laplace transform method32. However, the computer finite difference based

simulation code ANADIFF was chosen to calculate the apparent diffusion coefficient Da

and Kd. In the simulations A, εf, ε, Df, C0, F, L and ρ were kept constant.
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5. Results and discussion

5.1 Stability of bentonite colloids

(Paper VI)

The stability of colloids is directly related to the aggregation and sedimentation rates in

solution and can therefore be demonstrated by photographs of batch experiments in Figs.

5.1-5.2.

Figure 5.1. Time evolution of sedimentation of MX-80 and Na- bentonite actively dispersed in 250 ml

aqueous solutions. From left to right in each picture, NaCl were added in concentrations of: 0, 0.001, 0.01

and 0.1 M.
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Figure 5.2. Time evolution of sedimentation of Na-bentonite and Ca-bentonite actively dispersed 250 in ml

aqueous solutions. From left to right in each picture, CaCl2 were added in concentrations of: 0, 0.001, 0.01

and 0.1 M.

The stability of colloidal bentonite decreases with increasing background electrolyte

concentration. It is highly dependent on the counter ion of the background electrolyte and

the exchangeable ion in the bentonite. The stability of the bentonite colloids is

considerably lower when Ca2+ is the dominating cation instead of Na+, Fig 5.3.
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Figure 5.3. Al concentration measured by ICP-MS / ICP-AES in the solution above the bentonite phase, as a

function of ionic strength.

The strong influence of the ionic strength is expected. The double layers of the clay

particles are compressed at higher ionic strengths, and the colloids come closer to each

other. The probability for interacting double layers leading to aggregation increases. The

extent of aggregation depends on the degree of compression of the diffuse double layers,

which is determined by the concentration and valence of the cations. Rapid coagulation

occurs at high electrolyte concentrations where attraction between the colloid particles

dominate.12 At low electrolyte concentrations the coagulation is expected to be orders of

magnitudes slower due to the long-range repulsion. The estimates and experimentally

determined attachment factors are listed in Table 5.1. 1/C-1/C0 plotted versus time is

plotted for Ca-bentonite in contact with 0.01 M CaCl2 in Fig. 5.4.
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Figure 5.4. 1/C-1/C0 plotted versus time. The attachment factor can be calculated from the slope, according

to Eqn. 4.2. Ca-bentonite in contact with 0.01 M CaCl2.

Table 5.1. Estimated attachment factors (a) compared to the experimentally determined attachment factors,

and those given in literature

Bentonite Ionic medium
 (M)

Experimentally
determined a

Estimated
a

Literature
a (Degueldre et al. 1996)

MX-80 0.001 M [Na+] 0.00006 0.00003
MX-80 0.01 M [Na+] 0.001 0.002 0.003
MX-80 0.1 M [Na+] 1 0.2
MX-80 1 M [Na+] 1 1
Na- 0.001 M [Na+] 0.00002 0.00001
Na- 0.01 M [Na+] <<1 0.00003 0.005
Na- 0.1 M [Na+] 1 0.2
Na- 1 M NaClO4 1 1
Na- 0.001 M [Ca2+] 0.00006 0.03
Ca- 0.01 M [Ca2+] 0.02 1 1
Ca- 0.1 M [Ca2+] 1 1

The estimated attachment factors are in fair agreement with the pattern of attachment

factors demonstrated by Degueldre et al. in colloidal systems with sodium

montmorillonite and Ca2+ and Na+ electrolytes.27 The attachment factor reveals that

formation of bentonite colloids can be initiated by mechanical agitation, since the

aggregation of the bentonite in actively dispersed solutions at low ionic strength is

extremely slow with a<<1. No significant temperature effect on the colloid concentration

was observed in the experiments. A temperature effect is expected since the repulsive

energy between the phyllosilica sheets decreases with temperature.12 The probability of

aggregation therefore increases with temperature. However, in this study, the temperature

effect was probably masked by the major ionic strength effect. The Na-bentonite
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aggregation was found to be very slow in the experiments with background electrolyte

concentration < 0.1 M. The solutions contained high Al and colloid concentrations

compared to parallel experiments with MX-80 bentonite. The colloid stability is higher

for Na-bentonite than for MX-80, not only due to the absence of cations of higher valency

such as Ca2+, but also due to the absence of coarse material. Very small amounts of

colloids were found when the bentonite was not actively dispersed.

5.2. Stability of HS

(Paper IV)

The HS colloids were stable in 0.01 and 0.1 M NaClO4 solutions in the pH range 5-9,

Table 5.2. No concentration differences in the solutions were detected and the mean size

of the humic colloids did not display any change with time. In 0.5 M solutions,

precipitation of humic colloids was detected by the concentration drop as well as by the

large amount of sedimented HS. The mean size of the humic colloids in two of the three

0.5 M solutions increased drastically with time, confirming that the solutions were not

stable. The critical coagulation concentration (CCC) was found to be in the range of 0.1-

0.5 M NaClO4. The pH in all samples changed towards pH 7 in seven months.

Table 5.2. Experimental results from stability tests

[Na+]
(M)

pH
tstart

pH
tend

Initial HS
conc.
(g/l)

HS.
conc.
min *
(g/l)

HS. conc.
max*
(g/l)

Prec.
conc.
meas.
(%)

Prec.
observed
ocularly

Mean size in
solution
(nm)

0.01 5.1 6.4 0.1 0.09 0.10 0 no <10nm
0.01 6.2 6.7 0.1 0.10 0.13 0 no <10nm
0.01 9.7 7.9 0.1 0.10 0.13 0 no <10nm
0.05 5.1 6.1 0.1 0.10 0.14 0 no <10nm
0.05 5.8 6.4 0.1 0.10 0.14 0 no <10nm
0.05 9.1 7.0 0.1 0.09 0.12 0 no <10nm
0.1 5.2 5.9 0.1 0.08 0.10 0 no <10nm
0.1 5.9 6.1 0.1 0.08 0.10 0 no <10nm
0.1 9.4 7.3 0.1 0.08 0.11 0 no <10nm
0.5 4.7 5.4 0.1 0.07 0.09 22 yes 690
0.5 3.9 4.2 0.1 0.02 0.03 79 yes 780
0.5 7.9 6.3 0.1 0.04 0.05 55 yes <10nm
*Minimum and maximum concentrations were calculated from the measured concentration plus and

minus the uncertainty of the optical absorption measurements.
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5.3. Sorption and diffusion of organic colloids in compacted bentonite

(Papers I-V)

5.3.1 Sorption of HS and LS on bentonite

LS was not found to sorb on bentonite at pH 8 and ionic strength 0.05 M in experiments at

solid to solution ratio=5. The absorbance of the solutions is plotted versus concentration

in Fig. 5.5. According to the regression analysis, the data from the sorption samples and

the blanks can not be separated. This indicates that no sorption occurs.
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Figure 5.5. Absorbance against concentration for blanks and the sorption samples.

The Kd-values for HS sorption on bentonite were calculated to be 10±10cm3/g in 0.01 M

NaClO4 and 180±20 cm3/g in 0.1 M NaClO4 at pH 8. The uncertainty in the Kd-values

mainly originate from the HS concentration measurements. The differences in LS and

HS sorption on bentonite can be understood if it is assumed that the colloidal size as well

as the shielding of the negative charges on the organic molecules determine the

conformation changes. HS obviously forms almost uncharged sorbing units at background

electrolyte concentrations of 0.01 and 0.1 M and LS does not. If only acidity is

considered LS with an acidity of 2.3 meq/g compared to HS with 12.5 meq/g should

be more sensitive to ionic strength than HS. However HS, of <10 nm, is though more

readily coiled than LS with a mean size of 60-80 nm.
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5.3.2 Diffusion of HS and LS in compacted bentonite

HS and LS were found to diffuse through compacted bentonite. Regardless of packing

density and background electrolyte concentration, Da was of the order of magnitude 10-8

cm2/s for LS and HS, Figs. 5.6-5.8.

0

0,0001

0,0002

0,0003

0,0004

0,0005

0,0006

0,0007

0 10 20 30 40 50 60 70 80 90 100

days

ac
cu

m
ul

at
ed

 (g
)

Figure 5.6. A representative breakthrough curve for diffusion of LS in bentonite of packing density 1.0

g/cm3, in 0.01 M NaClO4. The data fitting was simulated with ANADIFF.
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Fig. 5.7. Representative breakthrough curve for diffusion of HS. Bentonite was compacted to dry density

1.5 g/cm3 and 0.01 M NaClO4 was used as background electrolyte. The experimental data were simulated

with ANADIFF and yield Da=2.7·10-8 cm2/s and Kd=1 cm3/g. The sensitivity of the simulations are

represented by the upper dotted line Da=2.6E·10-8 cm2/s and Kd=2 cm3/g and the lower dotted line

Da=2.9·10-8 cm2/s and Kd=0.5 cm3/g.
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Fig. 5.8. Representative HS profile in the bentonite. Bentonite was compacted to dry density 1.5 g/cm3 and

0.01 M NaClO4 was used as background electrolyte. The experimental data were simulated with ANADIFF

and yield Da=2.7·10-8 cm2/s and Kd=1 cm3/g. The sensitivity of the simulations are represented by the upper

dotted line Da=2.6E·10-8 cm2/s and Kd=2 cm3/g and the lower dotted line Da=2.9·10-8 cm2/s and Kd=0.5

cm3/g.

De was in the order of magnitude 10-8 cm2/s and 10-7 cm2/s for LS and HS respectively.

The diffusion data are shown in Tables 5.3-5.4.

Table 5.3. Diffusion data for LS

Dry
density
(g/cm3)

Ionic
Strength
(M)

Colloid
Mean
Size (nm)
start and tend

pH
in
tstart

pH
in
tend

Da
(cm2/s)

De
(cm2/s)

α
(%)

ε
(%)

0.6 0.01 80 7.6 7.8 - - - -
0.8 0.01 80 7.6 7.8 - - - -
1.0 0.01 80 7.6 7.8 2.0·10-8 1.2·10-8 62 62
1.2 0.01 80 7.6 7.8 3.2·10-8 1.7·10-8 53 54
1.5 0.01 80 7.6 7.8 2.1·10-8 8.1·10-9 39 43
1.8 0.01 80 7.6 7.8 2.4·10-8 7.7·10-9 32 32
0.6 0.1 60 7.2 7.3 - - - -
0.8 0.1 60 7.2 7.3 2.2·10-8 1.5·10-8 67 70
1.0 0.1 60 7.2 7.3 2.5·10-8 1.4·10-8 57 62
1.2 0.1 60 7.2 7.3 2.3·10-8 1.2·10-8 53 54
1.5 0.1 60 7.2 7.3 3.6·10-8 1.4·10-8 38 43
1.8 0.1 60 7.2 7.3 4.2·10-8 1.5·10-8 35 32
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Table 5.4. Diffusion data for HS

Dry
density
(g/cm3)

Na+

(M)
Colloid
mean
size
(nm)
tstart and
tend

pH
in
tstart

pH
in
tend

Kd
(batch sorption)
(cm3/g)

Kd
(diffusion)
(cm3/g)

Da
(cm2/s)

De
(cm2/s)

α
(%)

ε
(%)

0.6 0.01 <10 nm 8 8 10±10 5 2.3·10-8 6.9·10-8 61 77
0.8 0.01 <10 nm 8 8 10±10 5 3.3·10-8 1.1·10-7 49 70
1.0 0.01 <10 nm 8 8 10±10 5 2.5·10-8 9.8·10-8 43 62
1.2 0.01 <10 nm 8 8 10±10 2 3.2·10-8 7.4·10-8 31 54
1.5 0.01 <10 nm 8 8 10±10 2 2.6·10-8 4.3·10-8 18 43
1.8 0.01 <10 nm 8 8 10±10 - - -
0.6 0.1 <10 nm 8.6 7.3 180±20 10 2.0·10-8 1.2 ·10-7 67 77
0.8 0.1 <10 nm 8.6 7.3 180±20 10 3.7·10-8 1.4·10-7 30 70
1.0 0.1 <10 nm 8.6 7.3 180±20 10 3.0·10-8 1.5·10-7 29 62
1.2 0.1 <10 nm 8.6 7.3 180±20 7 2.6·10-8 1.3·10-7 30 54
1.5 0.1 <10 nm 8.6 7.3 180±20 5 3.3·10-8 1.4·10-7 23 43
1.8 0.1 <10 nm 8.6 7.3 180±20 5 2.9·10-8 1.2·10-7 15 32

The ratios between De and Da reveal that the HS diffusion is to some extent retarded by

sorption, while that of LS is not. This was in accordance with the batch sorption data. The

Kd value from batch sorption experiments with HS in 0.1 M electrolyte solution was one

order of magnitude higher than the Kd value obtained by simulation of the diffusion data.

This is probably an effect of humic colloids in the sorption experiments being exposed to

the entire negative surface of the bentonite, which in itself contributes to the shielding of

charges on the HS, and thereby increases the sorption. The relatively high De/Da ratios for

LS and HS diffusion strongly indicate that diffusion takes place both in the intra-lamellar

space and in the inter-particle voids. The HS concentration in the pore solution directly in

contact with the filters, was close to the inlet concentration, Fig. 5.7. This confirms that

the colloids diffuse through the whole pore space. Clogging of the pore space by HS or

LS can be excluded, since clogging would result in highly reduced De/Da ratios. Filtering

effects, if only considering size, are not to be expected for HS with a mean size in the

same size range as the intra-lamellar distance, Table 5.5. LS, with a mean size 60-80 nm,

should be hindered by the bentonite microstuctural network, but this was not observed.

One possible explanation is that the smaller LS fractions of the wide colloid size

distribution diffused into the bentonite leaving the larger ones behind. The amounts of LS

in the inlet solutions were large compared to the diffused LS mass, so a size distribution

change in the inlet solutions could not be detected in these experiments.
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Table 5.5. Intra lamellar spacing in montmorillonite with different packing densities calculated from Norrish

experimental data.33

Dry density
 (g/cm3)

NaClO4
(M)

Intra-lamellar spacing
in freely expanded
montmorillonite (nm)

Intra-lamellar spacing
in compacted
montmorillonite (nm)

0.6 0.01 15 8
0.8 0.01 15 6
1.0 0.01 15 5
1.2 0.01 15 4
1.5 0.01 15 3
1.8 0.01 15 2
0.6 0.1 7 7 (free expansion)
0.8 0.1 7 6
1.0 0.1 7 5
1.2 0.1 7 4
1,5 0.1 7 3
1.8 0.1 7 2

In compacted bentonite equilibrated with 0.01 M electrolyte solutions, the double layers

of the phyllosilica sheets overlap due to volume restriction, Table 5.5 and form high

potential barriers for negatively charged diffusants. Due to ion exclusion, the pore space

accessible for diffusion should be smaller than the water porosity as shown for Cl- and I-,

with α-values considerably lower than the ε-values, Fig.5.9. The α- values are of the same

order of magnitude as the water porosity and much higher than the α- values for Cl- and

I-. This strongly indicates that the HS and LS colloids diffuse as smaller, rigid, slightly

charged units, both in the intra-lamellar space and through the inter-particle voids.
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Fig 5.9. α-values as a function of the dry density of bentonite. The α-values of Cl- and I- are given in

literature34

5.4. The effect of HS colloids on radionuclide sorption and diffusion

5.4.1. Sorption of Sr(II) and Eu(III) on bentonite in the absence and presence of HS

(Papers I, III, V)

Sr(II) sorption on bentonite is strongly ionic strength dependent in the pH range 2-10.

This clearly indicates that cation exchange is the dominating sorption mechanism. Slight

surface complexation was observed at pH >6, Fig.5.10.
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Figure 5.10. Experimental and simulated data for Sr2+ sorption on bentonite. [Sr2+]=10-5 M.
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Complexation between fulvic acid and Sr(II) has been reported to be pH independent, but

dependent on ionic strength, with overall logβ=5.88 in 0.01 M and logβ=3.87 in 0.1 M,

obtained with ionic exchange distribution studies.35 The complexation is though very

sensitive to the analysis method, and with Ultra filtration studies the overall logβ reported

are logβ=2.17 in 0.01 M and logβ=2.30 in 0.1 M.35 The sorption of Sr(II) on bentonite

was found not to be influenced by the presence of 0.1 g/l HS at pH 8, at 0.1 M NaClO4, at

solid to solution ratios=5 and 50 g/cm3. At lower ionic strength the HS has a higher

complexation capacity than at higher ionic strength. In 0.01 M NaClO4 solution a

decrease in the Kd-value for Sr(II) was observed for the solid to solution ratio 50 g/cm3,

Fig. 5.11. HS forms complexes with Sr(II) and thereby removes Sr(II) from the bentonite

surface.
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Figure 5.11. Sorption of strontium on bentonite with and without HA in the system.

In the pH range 2-6, the dominating sorption mechanism for Eu(III) is cationic exchange

and sorption is ionic strength dependent. In the pH range 6-10, almost 100 % of the

Eu(III) was sorbed at all ionic strengths studied, indicating that surface complexation is

the dominating sorption mechanism, Fig 5.12.
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Figure 5.12. The effect of HS on sorption of Eu(III) with the concentration ≈ 2.5×10-6 M, on bentonite in

0.01, 0.05, 0.1, 0.5 and 1.0 M NaClO4 solutions.

Sorption of Eu(III) on bentonite in the pH range 5-10, in the presence of HS, decreases

with decreasing ionic strength. At ionic strength 0.01 M and at pH 7, only 15 % of the

Eu(III) was sorbed on the bentonite and the rest was complexed to HS in the solutions. At

ionic strength 0.5-1 M 85 % Eu(III) was sorbed on the bentonite. Since the Kd value

obtained for HS sorption on bentonite was around 180 cm3/g at ionic strength 0.1 M, it is

likely that Eu(III) –HS complexes were partly responsible for the sorption. Complexation

of trivalent actinides with HS has been reported to be slightly ionic strength dependent,

with overall logβ values of around 6-7.3-4, 35-36 Considering the differences in

conformation at low and high ionic strength, it is reasonable that coiled slightly charged

colloids possess lower complexation capacity than more negatively charged linear units.

The Eu(III) sorption data are in accordance with the HS stability data. The HS stability at

ionic strength 0.1-0.5 M was very low and a large amount of HS was precipitated, which

would reduce complexation. HS was able to complex substantial amounts of Eu(III),

bringing it out into solution. The tendency for HS forming the strongest complexes with

Eu(III) at pH 7-8 has been observed in previous studies, at an ionic strength of 0.05 M. 6,

37 This phenomenon can be explained by differences in complexation constants with

Eu(III) speciation. According to the data from the batch experiments of Eu(III) sorption in

the presence of HS, it is most reasonable for HS to mobilise strongly sorbed cations such

as Eu(III). Diffusion of Eu(III) is more likely to be affected by HS in the system than is

Sr(II).
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5.4.2. Diffusion of Sr(II) in compacted bentonite in the absence and presence of HS

The experiment was started with 16 cells but HA clogged the filters in three, leaving

thirteen cells for evaluation. All data were simulated using ANADIFF to obtain Da and Kd

values. The best fits of the breakthrough curves were obtained with the Da and Kd values

given in Table 5.6.

Table 5.6. Apparent diffusivities and Kd values from the best fitted simulated curves using ANADIFF.

HS(g/l) Da(cm2/s) Kd(cm3/g)
0 1·10-7 8
0 1·10-7 10
0 1·10-7 77
0 2·10-7 40
0 1·10-7 60
0.2 - -
0.2 - -
0.2 - -
0.2 1·10-7 60
0.1 1·10-7 77
0.1 8·10-8 77
0.1 1·10-7 75
0.1 1·10-7 80
0.1 2·10-7 60
0.1 8·10-8 75
0.1 1·10-7 31

The breakthrough curves for Sr(II) in experiments with and without HA present in the

inlet solutions could not be separated, Fig 5.13.
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Figure 5.13 A-B. Representative examples of breakthrough curves for Sr(II) with (A) and without (B) HS in

the system. The experimental data were simulated with ANADIFF.

The differences in Da and Kd-values were in the same range as the uncertainties of the

results. No significant differences between the activity profiles from the series with and

without HS present were observed. Sr(II) diffusion through bentonite compacted to a dry

density of 1.8 g/cm3 in 0.1 M ionic strength, was not affected by the presence of HS. The

HS sorption data are in accordance with the diffusion data, since very little impact of HS

on Sr(II) was observed at 0.1 M Na+. Since Sr(II) did not form strong complexes with HS,
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it is reasonable to assume that the presence of HS did not affect the Sr(II) diffusivity in

compacted bentonite. Sr(II) transport in a granitic fracture has been observed to be

affected slightly by the presence of HS.9 It should be noted though, that in these diffusion

experiments, the bentonite was not initially equilibrated with HS-solutions, but HS was

added with Sr(II) to the inlet solutions. The conditions are therefor different for this

diffusion experiment compared to the others performed in this thesis with HS.

5.4.3. Diffusion of Co(II) in compacted bentonite in the presence of HS

The apparent diffusivities for Co(II) in bentonite compacted to 0.4, 0.8, 1.2, 1.6 and 1.8

g/cm3 equilibrated with 0.1 M NaClO4, are in the range of 10-9-10-10 cm2/s and decrease

with increasing compaction density.38 At pH 8 Co(II) mainly sorbs on bentonite by

surface complexation. The Kd-values around pH 8 have been reported to be 2400 g/cm3,

which means that Co(II) is immobilised on sorption.38 The presence of HS in ionic

strength of 0.01 and 0.1 M NaClO4 drastically decrease the Kd-values obtained from

ANADIFF simulations, and the Da-values increase, Tables 5.7-5.8. The decrease of

Kd-values by a factor 3 and 30, in 0.1 M and 0.01 NaClO4 solutions, respectively, can be

explained by decreasing HS complexation capacity in higher ionic strength.

Table 5.7. Co diffusivities and Kd-values in compacted bentonite38

ρ (g/cm3) Na+ (M) Da (cm2/s) Kd

0.4 0.1 3.0·10-9 2400
0.8 0.1 1.0·10-9 2400
1.2 0.1 4.0·10-10 2400
1.6 0.1 4.0·10-10 2400
1.8 0.1 1.0·10-10 2400

Table 5.8. Co diffusivities and Kd-values in compacted bentonite with HS in the system

ρ (g/cm3) Na+ (M) Da (cm2/s) Kd

0.6 0.01 1.5±1·10-9 85
1.2 0.01 5±1·10-9 150
1.8 0.1 1±1·10-9 850
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Co(II) is mobilised by complexation of HS, and the diffusivities increase, at the

experimental conditions studied. The results indicate that Co(II) complexation with HS

competes with sorption of bentonite, especially at ionic strength 0.01 M. Co(II)-HS is not

the only diffusing species, hence the Co(II) diffusivity is not exclusively determined by

the HS sorption and diffusivity.

5.4.4. Diffusion of Eu(III) in compacted bentonite in the absence and presence of HS

The experimentally obtained diffusivites for Eu(III) in 0.1 M NaClO4 solutions, with and

without HS in the system in compacted bentonite are listed in Tables 5.9-5.10.

 Table 5.9. Eu diffuvities and Kd-values in compacted bentonite
ρ (g/cm3) Na+ (M) Da (cm2/s) Kd

0.6 0.01 1.5±0.5·10-8 8000
1.2 0.01 9±1·10-9 7000
1.8 0.01 7±3·10-9 7000
1.8 0.1 2±1·10-10 7000

Table 5.10. Eu diffuvities and Kd-values in compacted bentonite with HS in the system

ρ (g/cm3) Na+ (M) Da (cm2/s) Kd

0.6 0.01 2±0.2·10-8 15±2
1.2 0.1 1.7±0.2·10-8 10±2
1.8 0.1 1.5±0.2·10-8 10±2

Considering that almost 100 % Eu(III) is sorbed on bentonite at pH 8 and ionic strength

0.01, the diffusivities found, at this ionic strength, are higher than expected. A plausible

explanation is that a small part of Eu(III) sorbs by cation exchange and this part is mobile.

If 1-2% of the sorption is due to cation exchange, the diffusivites obtained experimentally

can be explained. This effect has been observed for the hydrated cations Na+ and Sr2+ and

to less extent for the slightly hydrated cation Cs+. The effect has been explained by the

time average distance from the negatively charged montmorillonite surface.39 With HS

present in the system, the Kd-values decrease drastically, and the Da-values increase. The

sorptivity and diffusivity of Eu(III) are in accordance with the Kd- and Da-values for HS.

The results indicate that Eu(III) complexation with HS is strong in this system. Eu(III)-HS

complexes seems to be the dominating species and HS governs the sorption as well as the

diffusion in the system.



48

6. Conclusions

To enable colloid transport of radionuclides in compacted bentonite, there are a number of

conditions that have to be ful filled.

Firstly, colloids have to be present at sufficiently high concentrations and stable.

Bentonite colloids are not stable in ionic strengths representative for deep granitic

groundwaters and can therefore be excluded. HS, on the other hand, has been shown to be

stable under these conditions, and can be introduced to the bentonite barrier by saturating

groundwater. To be able to study sorption and diffusion behavior of colloids, the colloid

concentrations have been considerably higher in the experiments than the concentrations

in deep groundwater. Even if the HS concentrations in deep groundwaters are lower, it

can not be excluded that the concentrations will increase during a very long time period

due to climate changes.

Secondly, the colloids have to be able to by complexation, compete with sorption of

radionuclides on bentonite. The strongly sorbed radionuclides can by complexation be

mobilised by colloids. The HS complexation of trivalent cations as Eu(III) has been

shown to be high in ionic strength representative for deep groundwaters. The presence of

HS does not have any significant affect on weakly sorbed cations as Sr(II).

Thirdly, the colloids have to be able to diffuse through compacted bentonite without being

hindered by the microstructural network. HS and LS diffuse rather fast with low physical

hindrance. The diffusion results indicate that small amounts of the organic colloids are

sorbed on to the bentonite surface, and they do not clog the bentonite pore space. The

colloids diffuse through the whole pore space, i.e, between the phyllosilica sheets as well

as through the inter-particle voids.

Fourthly, to facilitate radionuclide diffusion, the complexes between HS and cation has to

account for a large part of the total cation concentration. When HS was present in

compacted bentonite in sufficient concentrations, Eu(III)-HS was the major species of

Eu(III). HS then determined the sorption and diffusion of the complexes. Co(II) forms

complexes with HS, but the Co(II)-HS is not the only species, why the sorption and

diffusion is not exclusively governed by HS.

Finally, compacted bentonite does not act as a filter for organic colloids, such as HS. The

colloids travel rather unhindered through the microstructural network.
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