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Bentonite is a common clay having many applications. One of them will be in the 
spent nuclear fuel repository, as a buffer material between host rock and the can-
isters containing the radioactive waste. This application has high requirements for 
the material used, ranging from, among others, appropriate mechanical proper-
ties, chemical stability, fine porous structure to sufficient hydraulic conductivity. 
The material should maintain its properties over time as the life span of the repos-
itory is hundreds of thousands years.
The aim of this thesis was to investigate the structure of bentonite clay in a condi-
tion similar to expected in the repository. The research focused mainly on the pore 
structure, and if the existence of narrow, slit-like pores between clay layers influ-
enced the pore water properties. Several experimental methods had been em-
ployed: small-angle X-ray scattering, transmission electron microscopy, atomic 
force microscopy, nuclear magnetic resonance and anion exclusion measurement. 
MX-80 bentonite was the main material studied, but sodium and calcium mont-
morillonites obtained by purification of MX-80 were used as a simplified study 
case. Several sample preparation routines have been tested. Additionally, MX-80 
bentonite from long-term experiment was analysed and the results were com-
pared to those obtained in short-time experiments. It was shown that the purifi-
cation process significantly alters the clay structure, making the purified clay un-
suitable as simplified analogue of natural bentonite in structural studies. The in-
fluence of different preparation procedures on clay microstructure was decreasing 
with increasing compaction of the samples. Porosity had been characterised using 
interlamellar and non-interlamellar porosity. With the increase of density, as total 
porosity of the sample decreases, the proportion of interlamellar porosity in-
creases.
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List of symbols and abbreviations
AFM atomic force microscopy

d001 basal spacing

dIL interlayer distance, the height of the interlayer pore

HPF high pressure freezing

KBS-3 kärnbränslesäkerhet (swe.), nuclear fuel safety. Repository concept
considered to be implemented, among others, in Finland

IE ion exclusion

IL interlamellar (interlayer)

MOX fuel mixed oxide fuel

MX-80 commercial marking of granular bentonite product

NMR nuclear magnetic resonance

nst number of montmorillonite layers in a stack

PSD pore size distribution

SAXS small-angle x-ray scattering

SEM scanning electron microscopy

SSA specific surface area

TEM transmission electron microscopy

TOT tetrahedral, octahedral, tetrahedral, sheets building montmorillo-
nite layer

VIL volume of interlayer pores

WAXS wide-angle X-ray scattering

XRD X-ray diffraction



11

1. Preface

The work on this thesis has been carried out in the Nuclear Waste Management
group at VTT during the years 2010-2018.
I am deeply grateful to Professor Markus Olin for giving me the opportunity to
work  on  this  topic,  for  his  support  and  trust.  I  greatly  acknowledge  Dr.  Arto
Muurinen, who built the basis for this work. I regret not knowing how to learn from
his experience before his retirement a couple of years ago. I would like to thank
Professor Markku Kataja for his advice and support at the beginning and the end
of the writing process. I would like to acknowledge the reviewers of this thesis,
Doctor María Victoria Villar and Professor Michael Holmboe for their valuable
comments.
I am deeply grateful to all the co-authors of the publications included in this thesis.
Most of the measurements in this work were done outside of my "home lab" at VTT.
The input of Andy Root went far beyond NMR and is simply impossible to overes-
timate. I have very fond memories of SAXS measurements with Ville, J-P and Ma-
thias in Kumpula, where the atmosphere was always rejuvenating and full of sci-
entific enthusiasm. TEM imaging would not be possible without the skilful help of
Mervi Lindman in preparing the samples.
The daily environment for this work was with the Nuclear Waste Management
group. A big thank you to all the colleagues for making this environment friendly
and relaxed. I am deeply grateful to Veli-Matti, Joonas and Aku for working to-
gether but also sharing relaxed moments. Kari and Jarmo helped me a lot during
the difficult early days in the group. And special thanks to Anniina for sharing a
chocolate in the moments of frustration but also insightful thoughts about bentonite
and other random topics.
I am grateful for the financial support to complete this work from: VTT Graduate
School, KYT programmes BOA and Thebes, and the European Atomic Energy Com-
munity‘s Seventh Framework Programme (FP7/2007-2011) under Grant Agree-
ment n°295487, the BELBaR project. YTERA Graduate School is acknowledged for



12

supporting my participation in numerous scientific conferences and offering excel-
lent possibilities of networking in Finland.
I am short of words to express how grateful I am to all my friends for the time spent
together outside of work. You are a family to me. I would like to sincerely thank my
Parents for providing the education that made pursuing this degree possible, as
well as their continuous care and support. Last but not least, big thank you to my
wife Rebekka for sharing life together.

Michał,
November 2018, Espoo



13

2. Introduction

Nuclear power is widely considered as one of the energy sources supposed to sat-
isfy the growing needs of humanity. While the nuclear industry is generally be-
lieved to be a clean source of energy – not emitting CO2 nor other pollutants – as is
the case for all industrial activities, it is inevitably accompanied by certain dangers.
In this case the main issues are: a risk of radioactive contamination resulting from
severe accidents and the creation of significant amounts of long-lived, highly radi-
oactive waste – spent fuel.

Nuclear energy is a relatively young field of technology. Therefore, with its de-
velopment scientists and engineers are sometimes faced with unprecedented chal-
lenges. One of those is the management of spent nuclear fuel. It is estimated that
this highly radioactive waste will reach the radioactivity of the present-day natural
uranium ores after around 100 000 years [1]. Such a long time requires planning,
consideration and knowledge that was seldom, if ever, required even in very well
established fields of science.

Clay is a material known throughout all the history of humanity. Mixed with
other components, just dried or compacted, it has been widely applied as a building
material (e.g. adobe or rammed earth). Wet clays could be shaped into desired
forms and fired to produce durable objects – the oldest pieces of pottery and fired
bricks are dated for centuries BC [2], [3]. With time the number of applications of
clay materials have grown, and so has human knowledge about them.

The work described in this thesis lies at the overlap between nuclear waste man-
agement research and clay science. The high demands of this new field of
knowledge require new approaches and a fresh look from the well-established field
of clay science.

The clay known as bentonite is considered for use in the repository of spent nu-
clear  fuel  in  Finland.  It  is  planned  to  be  highly  compacted  and  water  saturated,
which is a condition seen in few other applications and challenging to investigate.
At the same time the required level of knowledge about the material has to be in-
credibly high as the life-span of the repository is hundreds of thousands of years.

Designing something that needs to last and function for such a long time requires
vast knowledge and skills, but also – in my opinion – humility. This work provides
a small contribution to the difficult task of the construction of the repository of spent
nuclear fuel in Finland by making our understanding of clay materials a bit better.

The goal of this research was to improve the understanding of the structure of
bentonite clay in a condition similar to expected in the deep geological repository
of spent nuclear fuel. It included improving the experimental methods to investi-
gate water-saturated, compacted swelling clays. The main structure-characterising
parameter quantified in this thesis is interlamellar (interlayer) porosity. It is relevant
input data e.g. for the models used to calculate radionuclide diffusion in the ben-
tonite and as a basic information for mechanical modelling of bentonite, which in
turn contributes to estimating the safety of the future repository.
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In the following chapter, a brief introduction to the nuclear industry will be pre-
sented, while also explaining the design of the repository planned in Finland. Chap-
ter 4 gives general information about bentonite clay and Chapter 7 gives detailed
information about the materials used in this research. Chapter 5 outlines the goals
of the work, and Chapter 6 introduces the methods employed to reach them. Fi-
nally, in Chapter 8 obtained results are discussed with conclusions closing the thesis
presented in Chapter 9.
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3. Nuclear waste management

Several countries operate nuclear power plants and face the challenge of dealing
with spent fuel which is high-level radioactive waste. As of 2018, no country has
implemented a permanent solution for the treatment of spent fuel.

Some countries, as France, Japan or the UK, reprocess spent fuel from their nu-
clear power plants [4]. Recovered uranium and plutonium is used to produce so-
called MOX fuel which can be reused in some civil reactors. Even though repro-
cessing significantly reduces the amount of generated waste, the process is not
widely applied due to economic considerations and fears of nuclear weapon prolif-
eration.

The typical pre-disposal measure applied worldwide to fuel assemblies removed
from the reactor is temporary storage in water pools, usually located at the same
site as the nuclear power plant [5]. Water serves as a radiation shield and a cooling
medium for the heat emitting waste. The fuel loses a significant part of its initial
activity before it is handled further, whether for reprocessing or transferring to
other storage facilities. The duration of the temporary storage can vary from a cou-
ple of years to tens of years. In some countries, e.g. in Germany or the USA, after
the initial cooling period in water pools the high-level waste is moved to long-term
interim storage facilities, where the waste is enclosed in special casks in protective
gas atmosphere [6].

Over the short history of nuclear power many ideas for solving the problem of
the high-level radioactive waste management have been considered. These include:
· Sending the waste to outer space
· Disposing the waste at the subduction zones
· Sea disposal
· Stable ice-sheets disposal
· Long-term above-ground storage
· Deep geological disposal [7]

Most of them have never been implemented due to environmental or economic
reasons. Sea disposal has been used for low and intermediate level waste until it
was banned by international agreements in 1993. The only approach employed so
far to high-level waste has been a direct injection of the liquid waste into insulated,
porous geological formations in the USA and USSR. Other concepts of the deep ge-
ological disposal include placing waste in deep boreholes and constructing mine-
like repositories.

As of today, the dominant approach to the management of spent nuclear fuel is
placing it in a safe environment, isolated from the biosphere. Deep geological re-
positories fulfil such requirements by combining artificial barriers engineered to
prevent any release of radionuclides with the natural, geological barriers.

The detailed solutions vary between countries, often due to the different geolog-
ical formations available. Construction of the repositories is considered in very dry
rock, salt, clay and crystalline rock formations.
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Probably the most widely known example of deep geological disposal is Yucca
Mountain nuclear waste repository project in the US. Its design was based on en-
closing the waste in corrosion-resistant containers and placing them in tunnels ex-
cavated in a mountain located in a very arid region. However, after years of inves-
tigation the project was abandoned in 2009 [8].

Finland and Sweden have decided to dispose of their respective spent nuclear
fuel in a crystalline rock formation. The design of the repository is described in de-
tail in the following section.

3.1 Nuclear power in Finland

As of 2018, in Finland there are two nuclear power plants, located in Loviisa and
Olkiluoto, with two reactors each. The third unit is under construction in Olkiluoto
and one new power plant in Hanhikivi is at an early construction stage. The existing
reactors started operation between 1977 and 1980. So far, approximately 2000 tons
of spent fuel has been accumulated and more waste will be generated in the upcom-
ing decades [9].

3.2 KBS-3 concept of deep geological disposal

In Finland, the company in charge of the final disposal of the spent fuel from Loviisa
and Olkiluoto power plants, Posiva Oy, has chosen to adapt a Swedish concept of
the deep underground disposal of high-level radioactive waste called KBS-3 (abbre-
viation for kärnbränslesäkerhet, nuclear fuel safety). It combines a set of engineered
barriers to protect the spent fuel and separate it from the biosphere with the natural
barrier – granitic host rock.

In the KBS-3 concept, spent fuel has to cool down in the interim storage pools
before further treatment. As illustrated in Figure 1, fuel assemblies are placed in an
iron cast, which in turn is closed in a copper canister. The canisters are placed in the
granitic bedrock at 400-450 meters depth and swelling clay is used as a buffer ma-
terial between copper and the host rock.
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Figure 1 Schematic view of the components of KBS-3 repository concept. Source:
posiva.fi

The KBS-3 method is an example of an engineered multi-barrier system. It em-
ploys multiple independent barriers to prevent radioactive elements from reaching
the biosphere. Firstly, should other barriers fail, the chemical form of the fuel is such
that the release of the radionuclides will be heavily limited by the slow dissolution
rate. Secondly, the copper canister is designed to prevent the fuel from contact with
the surroundings. Copper is not corroding in the chemical conditions expected in
the repository, and the iron insert provides required mechanical strength for the
canister. Thirdly, the buffer material protects the copper canister, and retards the
transport of the radionuclides should a leakage occur. Finally, bedrock provides an
excellent natural barrier between the repository and the biosphere.

3.2.1 Buffer material safety functions

As explained in the previous paragraph, each component plays an important role
contributing to the safety of the repository. Therefore, each material used has to
fulfil many conditions so that all requirements are met. The current safety functions
of the buffer material are the following [10]:

· mechanical protection of the copper canister from minor rock movements
· impeding the microbial activity
· limiting the mass flow around the canister to diffusion only
· filling all the voids and adhering tightly to rock and the canister due to self-

healing properties
· in case of canister failure, the buffer should adsorb part of the radionuclides

and limit their transport velocity
· the buffer keeps the canister in place and prevents it from sinking to the bot-

tom of the drill hole
· not allowing overheating of the canister due to sufficient thermal conductiv-

ity
A naturally-occurring material that fulfils the functions and the requirements for

the buffer material is swelling clay. Clays with high smectite contents are often the
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reference materials in the design of deep-geological disposals. In Posiva’s reposi-
tory, the reference material is MX-80 - predominantly sodium montmorillonite-rich
bentonite from Wyoming [11].



19

4. Bentonite clay

4.1 General information

Bentonite is a relatively common clay. It can be found in many places around the
globe. Some of the industrially used deposits include: Wyoming (USA), Bavaria
(Germany), Milos (Greece), Kutch (India), Tsukimuno (Japan) and Gaomiaozi
(China) [12], [13].

Bentonites are formed by diagenetic or hydrothermal alteration of volcanic ash
or by neoformation of smectite-rich sediments [14]. The conditions of bentonite for-
mation, for instance parent rock or water composition, influence the clay properties.
Bentonites can vary significantly not only between different deposits but also be-
tween different locations within the same deposit [15].

Bentonites find numerous important industrial applications. The most important
ones are foundry mouldings, iron ore pelletizing and drilling fluids for oil industry.
Large volumes of bentonite are used also as adsorbents (clarifying, filtering or de-
colourizing, e.g. removing proteins from beer or pigments from vegetable oils), in
agronomy (pesticide carrier, pelletizing animal feed), in building industry, and civil
engineering (mainly waste liners). The long list of other applications include its use
as additives for paints, pharmaceuticals and cosmetics, catalysts and catalyst sup-
port, in newspaper paper recycling and in wastewater treatment [16].

As seen from the list of applications the most important properties of bentonites
for industrial use are:
· Binding properties improving the characteristics of the material (foundry,

pelletization)
· Rheological properties (oil and construction industries, thickening and stabi-

lizing agent)
· Adsorption and ion exchange properties (filtering, refining, adsorption)

From the point of view of this thesis the most relevant application of bentonite
are in civil engineering and waste disposal. Compacted clay used for this purpose
behaves completely differently than e.g. suspensions used as drilling fluids. The
key properties of bentonite in these applications are:
· fine pore structure preventing any water flow
· swelling upon the uptake of water, and as a consequence:

· self-healing (if surrounded by void spaces)
· swelling pressure (if confined)

· adsorption

4.2 Chemical composition

Bentonite is a clay material which is composed mostly of montmorillonite and
smaller amounts of accessory minerals. Montmorillonite is a clay mineral belonging
to the group of smectites. Its chemical formula is [17]:
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(My
+∙nH2O)(Al2-y

3+ Mgy
2+)Si4

4+O10(OH)2

where M+ stands for the charge-compensating alkali metal cation, e.g. sodium, cal-
cium or magnesium. Montmorillonite forms disc-like layers often referred to as
platelets. Each layer, in turn, is built from three crystalline sheets: tetrahedral, octa-
hedral and tetrahedral (TOT structure). Octahedra are formed by aluminium ions
coordinated by six oxygen ions. Occasionally, aluminium is substituted by a mag-
nesium ion (or another divalent ion like Fe2+) which results in the negative charge
of the layer. The octahedral sheet is sandwiched between two tetrahedral sheets.
Tetrahedra are formed by silica ions coordinated by four oxygen ions [17]. TOT
structure spreads in lateral dimensions forming a thin, long and wide layer. The
negative charge of the octahedral sheet is compensated by the presence of alkali
metals cations like sodium or calcium. A schematic picture of the two montmorillo-
nite layers is presented in Figure 2.

Figure 2 Schematic view of the montmorillonite crystalline structure. Charge com-
pensating cations (violet spheres) and water molecules (oxygen red, hydrogen
white spheres) are visible between the clay layers. Octahedra and aluminium ions
are grey-blue, with substitutions marked in green. Tetrahedra are marked with a
light red colour. Figure by Anniina Seppälä.

Accessory minerals commonly present in bentonite are e.g. quartz, plagioclase,
calcite, K-feldspar, pyrite or gypsum [18]. Apart of montmorillonite, bentonites can
contain also other clay minerals of the smectite group. The composition of accessory
minerals and the smectite content vary between different bentonites.
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4.3 Microstructural features

The shape and arrangement of montmorillonite layers determines the microstruc-
ture of bentonite. The layers are around a nanometre thick and tens to hundreds
nanometres long and wide. They tend to arrange in stacks in which the distance
between two neighbouring layers varies depending on the type of compensating
cation present and the amount of water in the system. As shown by Figure 3, the
size of individual montmorillonite layers can vary considerably within a single ben-
tonite sample [19].

The size of stacks, sometimes referred to as tactoids, varies depending on the
conditions. A typical number of layers in a stack, often called stacking number, is
reported in literature to vary between 5 to 20, sometimes even more [20]–[22].

The tactoids and the accessory minerals are randomly oriented to form a rather
complicated structure. Bentonite adsorbs water and swells during the process. The
type of the compensating cations and the chemical composition of the saturating
solution affect the swelling and the stacking number. Additionally, bentonite can
be a suspension, a gel, or a solid compacted to high density. Its structure, and there-
fore its properties change depending on the conditions.

Figure 3 The size distribution of montmorillonite layers in purified bentonites from
following locations: C is Calcigel® (Bavarian), V is Volclay® (Wyoming), S is from
Cabo de Gata. Figure adapted from Delaverhne et al. [19]
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4.3.1 Interlayer and non-interlayer porosity

Stacking of clay layers creates slit-like pores. Typical basal spacing (the thickness of
montmorillonite layer and the space between the adjacent layer) in compacted, wa-
ter saturated bentonite is close to 2 nm [22]–[27]. As montmorillonite layer is ap-
proximately 1 nm thick [28]–[30] the pore height is  also close to 1 nm. Those na-
nopores are often called interlayer or interlamellar pores (IL) and can be a signifi-
cant fraction of the total porosity of compacted bentonite [30]–[32]. As mentioned
in the previous sections, the aperture of IL pores depends on the water content,
nature of charge compensating cations, chemical composition of the pore water and
the degree of compaction of the material.

Between the aggregating clay tactoids and accessory minerals there are pores of
less defined shapes. In general, they can be referred to as non-interlayer or non-
interlamellar (non-IL) pores. The size and shape of the non-IL pores depend mainly
on the clay density and the water content, but also on the chemical composition of
the pore water.

The existence of these two pore groups in compacted, water saturated bentonite
is widely accepted [32]–[34]. However, the concept of the dual porosity is strongly
connected with the concept of dividing the pore water into groups of different prop-
erties. Water present in the IL pores can be arranged in an almost crystalline struc-
ture. Depending on the water content and density, water in the interlayer space
would arrange in a monolayer, two, three or four layers. This results in an observed
stepwise increase of basal spacing, before the distance starts to grow continuously.
For this reason, some authors define crystalline swelling as a process happening in
the interlayer, as opposed to osmotic swelling, which happens outside the stacks or
if the distances between the layers are large enough. Further, non-IL water can be
subdivided into bound water in a diffuse double layer and free water. In this way,
it is possible to divide bentonite pore water into two or three populations of differ-
ent properties [22], [34]–[37]. Some researchers use the single porosity model of ben-
tonite based on the Donnan equilibrium to calculate some properties of compacted
bentonite [38]–[41]. This two approaches divide the scientific community [42]. It is
an important issue, because different models used to predict different macroscopic
properties of bentonite are based on different conceptual views of porosity. The
proportion of interlayer and non-interlayer water (sometimes also called bound and
free or bulk water) is one of the parameters used in modelling bentonite behaviour.

As the structure of bentonite is susceptible to changes under different conditions,
especially due to drying and swelling or compaction, it is challenging to prepare a
sample suitable for investigation without changing its properties. Different meth-
ods commonly used to analyse the structure of porous materials often require dry
samples and therefore complex preparation procedures [21], [43].
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5. Thesis objectives

The objective of this thesis is to improve the characterization of the structure of
compacted, water saturated bentonite clay.

The research is focused on quantifying the volume of slit-like, interlamellar pores
in the samples and linking its change with varying chemical and density conditions.

In practice, this requires improving and further developing sample preparation
procedures and analytical methods to facilitate obtaining relevant, reliable data.
Data from different experimental methods need to be interpreted and combined to
understand this complex material.

Finally, the motivation for the work is strongly linked with modelling of clay
behaviour in the KBS-3 final repository of spent nuclear fuel. The structure of ben-
tonite is strongly coupled with the requirements for the buffer material. It influences
diffusion, hydraulic and mechanical properties. Additionally, the safety of the re-
pository should be estimated far into the future based on computational models.
This work aims at providing information about the material required to build trust-
worthy models. Geochemical models often use the concept of two water types and
mechanical models can rely on the structural features. Therefore, the ultimate ob-
jective of this thesis is to contribute to the safety of the highly radioactive spent fuel
repository in Finland.
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6. Microstructure characterization methods

There are many approaches towards the analysis of the microstructure of porous
materials. However, swelling clays are a special case of porous materials as their
structure changes with changing water content, density and chemical conditions.
To the best of my knowledge, as of 2018, there is no single method that would pro-
vide structural information of water saturated, compacted swelling clay that would
resolve nano, meso and macro pores, meaning pore sizes from 1 nm to micrometres.
Therefore, the most comprehensive approach to describe the clay structure is to use
a set of complimentary methods.

Traditionally, a common method to define pore size distribution (PSD) has been
mercury intrusion porosimetry (MIP) [43]–[46]. More recently, a very promising
way to obtain PSD is through the analysis of tomographic images. Tomography can
be done using various approaches: non-destructively, using penetrating X-rays,
neutrons, electrons or destructively, imaging the surface after removing a thin layer
of the material. Notably, focused ion beam (FIB) tomography has been lately ap-
plied successfully to investigate clay samples [21], [47]–[49].

Tomographic methods provide direct, three-dimensional images of the clay,
while microscopic methods provide two-dimensional images. Especially scanning
(SEM) or transmission (TEM) electron microscopies have been widely used [20],
[45], [50], [51].

Most of the methods mentioned above require special preparation of the sample.
Inevitably, this alters material structure. However, in some methods water satu-
rated, compacted samples can be analysed and obtained results can give indirect
information about the clay structure.

A widely used method for mineralogical analysis of clay samples is X-ray dif-
fraction (XRD) [52], [53]. However, some researchers used XRD as a supporting
technique to characterize the structure of swelling clays [30], [31], [43]. A very sim-
ilar method is X-ray scattering, often applied to study nano and micro structural
features of clays [20], [22], [54], [55]. Apart from the X-rays, neutrons can also be
used to obtain scattering patterns [56]. The diffraction and scattering methods can
be applied to the high-density, wet samples. Efforts have also been taken to measure
confined systems [25], [57]–[59].

A different approach to obtaining information about the structure is to study the
physical and chemical properties of pore water. For physical properties, nuclear
magnetic resonance (NMR) techniques have been applied to obtain data that per-
mits to draw conclusions on the clay structure [22], [60]–[62]. For chemical proper-
ties, the concentration of certain anions in compacted clay can be used to deduce
the volume of pores of size in the nanometre scale, as the negative charge of clay
layers can prevent anions from entering a part of the total pore volume [63]–[68].

Finally, additional information, not on the structure per se but on the size and
shape of the basic unit constructing the swelling clay material, can be acquired. A
typical method used for this purpose is atomic force microscopy (AFM) [19], [69]–
[72].
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6.1 X-ray scattering and diffraction methods

X-ray diffraction and scattering are widely used techniques to investigate the min-
eralogy and structure of
various materials. The un-
derlying principle of both
methods is scattering of X-
rays on periodic structures.
The X-rays of wavelength λ
scatter  e.g.  on  atoms.  At
certain incident angles θ,
the path length difference
of rays scattered from two
adjacent planes is a multi-
ple of the wavelength. In
such a case constructive in-
terference occurs, as de-
scribed by the Bragg’s law:

= 2 sinΘ (1)

where d is the distance between planes and n is a positive integer, the order of dif-
fraction.

Diffraction patterns can be presented as a function of the scattering angle, but
sometimes it is convenient to use scattering vector:

= 	 = (2)

The advantage of using the scattering vector is  that it  is  not dependent on the
wavelength but only on the lattice spacing.

Both XRD experiments as well as small- or wide-angle X-ray scattering (SAXS or
WAXS) measure the directions and intensities of diffracted beams. The difference
between the methods lays chiefly in the geometry of the experimental set-up. In

Figure 4 Illustration of Bragg's law. Source: Wiki-
media commons.
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XRD, the X-rays are reflected from the surface of the sample whereas in SAXS or
WAXS experiments X-rays penetrate through a thin sample (Figure 5).

Figure 5 Schematic view of the SAXS set-up.

In this work, X-ray scattering was applied in compacted, water saturated clay
that was sectioned in thin slices and placed in sample holders closed with a thin,
plastic film to prevent drying of the sample. The scattering patterns have been used
to calculate the average basal spacing d001 and stacking number nst.

The average basal spacing d001 was determined by calculating the weighted aver-
age of the overlapping 001 peaks originating from X-rays scattered on the neigh-
bouring montmorillonite layers. The average basal spacing is a sum of interlamellar
distance dIL and the average thickness of montmorillonite layer (commonly ac-
cepted as 9.6 Å, see e.g. [43], [67], [73]–[75])

The stacking number nst was obtained by calculating the coherent scattering do-
mains size using Scherrer equation [53] and dividing it by the average basal spacing
d001.

This information was used to estimate the volume of interlamellar pores VIL us-
ing the following equation (Paper IV):

= 0.5 ∙ ∙ ∙ (3)

where SSA is specific surface area.
Detailed information about the experimental set-up and sample preparation rou-

tines used in this research can be found in publications I and II.

6.2 Nuclear magnetic resonance

NMR is a very powerful and versatile tool that can be applied in a wide range of
applications. The underlying principle of NMR is exciting certain nuclei by an ex-
ternal magnetic field and measuring their response. In the case of NMR relaxation
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techniques it is the time needed for the nuclei to return from the excited to the equi-
librium state.

In this work a 1H NMR relaxation technique is used. It is a Carr-Purcell-
Meiboom-Gill (CPMG) echo type experiment [76], [77]. With short separation time
τ between the pulses, equalling 22 μs, this is a spin-locking experiment which
measures relaxation in the rotating frame (T1ρ). A more detailed description of the
method and the sample preparation routines are presented in publications II, III
and IV.

The signal decay is faster close to the clay surface than in the bulk solution. There-
fore, the signal from a sample with fine pore structure decays faster than from a
sample with large pores. If in the system there are groups of pores of similar size, it
may be possible to resolve them using this method. A crucial step in this method is
the interpretation of the measured decay curves. In publication II, single compo-
nents (corresponding to groups of similar-size pores) were fitted to the experi-
mental curves. In the later publications a cut-off method was applied using a thresh-
old value to divide the pore water into interlamellar and non-interlamellar water,
depending on the average distance to the clay surface.

Additional information can be gained by conducting the NMR experiments at
various temperatures, as at low temperatures a part of the pore water freezes and
its relaxation time becomes too short to be measured.

6.3 Transmission electron microscopy

Transmission electron microscope is a powerful imaging tool capable of reaching
atomic resolution [78]–[80]. The principle of the method is that the image is formed
by electrons passing through a very thin sample. The idea of the microscope design
is relatively simple – an electron beam from the filament is focused on the specimen.
Electrons that passed through the sample are gathered by another set of lenses and
projected on the screen. In fact, this is analogous to the design of an optical micro-
scope. Due to the small wavelength of electrons the theoretical maximum resolution
of electron microscopes is in the range of picometres. In practice, the factor limiting
resolution is the quality of electron optics systems [81].

As the electron beam passes through the specimen its thickness is one of the key
requirements for obtaining good quality images. The typical way of preparation of
a solid sample is cutting it in thin sections using a microtome [82]. However, more
advanced techniques such as cutting with ion beams can be used [83].

During electron microscopy imaging, the specimen is in a vacuum. Therefore, a
special preparation of compacted, water saturated clay is needed. The usual ap-
proach is to freeze and subsequently embed the samples in a polymer resin. How-
ever, it is known that freezing and ice crystal growth induces changes to the struc-
ture of clay [73], [84]–[86]. This can be avoided by using special freezing techniques
such as High Pressure Freezing (HPF) [21], [87], [88]. It uses a rapid drop of tem-
perature under high pressure to vitrify the water in the samples, and therefore
avoid ice crystal formation. Vitreous ice is removed by freeze substitution with
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epoxy resin or freeze drying, followed by embedding in resin. Recently, imaging of
dry compacted clay after HPF and freeze drying has been reported [83].

The details  of  sample preparation and imaging conducted in this work can be
found in publications II and III.

6.4 Anion exclusion measurements

An indirect method for investigating the microstructure of clay is the analysis of
pore water. Concentrations of various ions can be related to the structural features
of the material [65], [66], [89]. The underlying assumption of the anion exclusion
(IE) analysis is that negatively charged ions can enter neither the slit-like nanopores
between the clay layers nor the direct proximity of the negatively charged clay sur-
faces [67]. Therefore, if a compacted clay sample is in equilibrium with an external
solution, the amount of anions diffusing into the clay is limited by the anion exclu-
sion phenomenon. The total amount of ions that diffused into the sample can be
measured. In our calculations, a simplification is accepted that with the given
amount of anion, the volume that would be filled by the anion solution of the same
concentration as the external solution is equal to the pore volume free of anion ex-
clusion. The remaining pore volume, i.e. interlamellar pores, other nanopores and
surface of the clay layers, is assumed to be inaccessible for anions. However, the
exclusion effect is affected by the ionic strength of pore water. The anion accessible
volume increases with ionic strength [34], [66]. This means that both the equilibra-
tion solution and the cationic type of montmorillonite influence the anion exclusion
results.

Typically, anions used in these measurements are chloride ions. An interesting
alternative is the perchlorate ion. It is larger than chloride, does not form complexes
easily [90], and does not occur naturally in the clay formations.

The details of the laboratory procedures used in this research can be found in
publications II, IV and V.

6.5 Atomic force microscopy

AFM is in principle a very simple, yet powerful and precise analytical tool. During
the measurements, a sharp tip placed at the end of an elastic cantilever rasters over
the sample. The deformation of the cantilever due to the interaction with the sample
is measured by monitoring the movements of the reflection of a laser beam shining
at the end of the cantilever (Figure 6). Different usage modes of AFM permit to
measure forces between the sample and the tip, giving information about the me-
chanical properties of the sample. However, in this work only the topography of
the sample was measured. The advantage of AFM is that it has very good vertical
resolution – exfoliated montmorillonite layers, 1 nm thick, are clearly visible on the
flat mica surface.
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Figure 6 Schematic view of the atomic force microscopy. The movements of the can-
tilever are traced by detecting the position of the laser beam reflected from the can-
tilever end. Source: Wikimedia commons.

The results presented in this thesis have been obtained from image analysis using
SPIP software (Image Metrology, Hørsholm, Denmark). The montmorillonite layer
size distribution chart is based on an equivalent diameter (or Heywood diameter),
expressed as the diameter of a circle having an area equal to the layer area. The
parameter used to visualize shape distribution is aspect ratio, defined as the ratio
of length over breadth.
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7. Materials and methods

7.1 MX-80 bentonite

As explained in section 4.1, bentonites are smectite-rich clays usually originating
from volcanic ashes. The MX-80 bentonite is a brand name used by the American
Colloid Company for sodium bentonite from Wyoming (USA), milled to millime-
tre-sized grains [91].

Being a widely applied industrial material and notably a reference buffer mate-
rial in some concepts of deep geological disposal of high-level nuclear waste, ben-
tonite has been thoroughly studied. In this chapter, some of the parameters charac-
terizing bentonite properties will be presented. As bentonites can vary significantly,
even within the same deposit, it is useful to perform experiments on one batch of
the material. The report of Kiviranta & Kumpulainen [18] contains results obtained
by investigation of the same batch of bentonite (samples denoted in the report as
BT1, BT2, BT3) as the one used in this research (Papers I, and III). Unless stated
otherwise, all the data in this section is cited from the work of Kiviranta & Kum-
pulainen [18].

The smectite content of the bentonite used was 88.2±3.2%. The main accessory
minerals were: quartz, plagioclase and K-feldspar. The exchangeable cations were
(molar fraction in parenthesis) sodium (76%), calcium (16%), magnesium (6%) and
potassium (3%).

The specific surface area (SSA) of the MX-80 measured by EGME method [92]
(ethylene glycol monoethyl ether) was 624±7 m2/g.

The grain density of the material was 2.78 g/cm3.

7.1.1 Long-time experiment

The bentonite analysed in Paper IV originated from a long-term laboratory scale
experiment that started in 1995 and finished in 2013. The material used in the ex-
periment was the Volclay® MX-80 bentonite (American Colloid Co.). It was com-
pacted to 1.5 g/cm3 dry density and placed in copper cylinders. The clay samples’
size was 24 mm in diameter and 44 mm in height. The bases of the cylinders were
perforated and clay was confined with steel sinters to ensure contact with the solu-
tion and to prevent free swelling of the bentonite. The samples were immersed in a
non-saline ground water simulant, so-called Allard type ground water [93]. The
samples immersed in the solution were closed in plastic bottles. For several months
after setting-up the experiments, samples were kept in a water bath at a temperature
of 75°C. Most of the samples were analysed soon after the start of the experiment
[94], [95], but two samples were left for later analysis. One was kept in room condi-
tions and the other in anoxic conditions in a hermetically closed box.



31

7.2 Purified MX-80 – homo-ionic montmorillonite

Purified MX-80 clay was used to provide a simplified system for structural analysis.
The objective was to remove accessory minerals and to obtain the sample of pure,
homo-ionic montmorillonite (containing predominantly only one type of charge-
compensating cation), therefore minimising the influence of processes like cation
exchange due to dissolution of accessory minerals. Purified MX-80 bentonite in cal-
cium form was used in the research described in papers II and V, in sodium form
in paper V.  Purified clay was obtained from the same batch of MX-80 as used in
papers I, III and V.

The purification procedure [96] consisted of several steps:
1. Dispersing in water and centrifuging to remove large particles
2. Acetic acid treatment to remove carbonates
3. Citrate buffer treatment to remove iron oxides
4. Hydrogen peroxide treatment to remove organic matter
5. Washing with salt solution (NaCl or CaCl2) to obtain desired cationic

form
6. Dialysis to wash out the excess salt.
7. Freeze or oven drying
8. Grinding

The purification process results in obtaining homo-ionic montmorillonite from
the original MX-80 bentonite. Apart from removing the accessory minerals (but
from small quantities of quartz and K-feldspar, which were observed in the purified
clay [97]) purification changes the structure of the clay significantly. The aggregates
and stacks present in MX-80 are destroyed and montmorillonite layers stack anew,
as discussed in the article II.

7.3 Compaction and water saturation cells

The  samples  investigated  in  Papers  I-III  and  V  were  prepared  in  a  similar  way
which will be briefly described in this section. More details can be found in the at-
tached publications.

The clay was compacted uniaxially using a hydraulic press directly in the stain-
less steel plates used in the equilibration cells.
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Figure 7 A schematic view of the saturation cell used in sample preparation.

The samples were of  cylindrical  shape,  1 cm high and 2 cm in diameter.  They
were confined by a stainless steel plate from the sides and by two stainless steel
sinters at the bases. Sinters, supported by perforated steel plates, were providing
the contact of the sample with the external solution. The liquid was contained by
plastic parts (PVC or PEEK). The cell was held together by four bolts and the water-
tightness of the joints was ensured by using o-rings. A sketch of the equilibration
cell is presented in Figure 7.
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8. Results and discussion

In this chapter the main findings of the research are presented. Firstly, the influence
of sample preparation on the clay structure will be discussed. Secondly, the results
of measurements aimed at quantifying the interlayer and non-interlayer porosity in
bentonite and two purified clays will be shown.

Apart from the long-term experiment, where data points are the average from
triplicate samples, all other SAXS, NMR and IE results represent single samples.
This serious flaw of this research, resulting from time and financial constraints, is
balanced by a sufficient number of samples forming a matrix of results with small
changes of parameters.

8.1 Influence of sample preparation on the structure

In this section the results illustrating the impact of three factors influencing the sam-
ple structure are presented. The factors discussed are the preparation procedure,
homogenization time and the purification process.

8.1.1 Influence of the preparation procedure

The structure of bentonite can be influenced in numerous ways. It has been typically
investigated how the different compaction methods can result in structural differ-
ences, with the main concern being the preferred orientation of montmorillonite
layers caused by uniaxial compaction [98]–[101]. In this thesis, different combina-
tions of uniaxial compaction, saturation and swelling are tested to verify if they cre-
ate variations in the structure.



34

Figure 8 Schematic representation of the procedures used to prepare the MX-80 ben-
tonite samples. (Paper I)

The selected preparation procedures were chosen in such a way that they would
reflect common laboratory practices or conditions expected in the repository. MX-
80 bentonite was used in these experiments. Procedure 1 is commonly used in the
laboratory practice to prepare compacted, water saturated samples. Dry clay is, if
needed, compacted to the desired density and saturated with deionized water at a
constant volume. Procedure 3 is analogous to the process expected in the repository
conditions. The clay is compacted to a slightly higher density than the target and it
swells to the target density when saturated with salt solution (0.1 M NaCl). Proce-
dure 2 bridges between procedures 1 and 3, differing from procedure 3 only by the
usage of deionized water instead of saline solution. In procedure 4 the clay was
saturated at 1.6 g/cm3 dry density (2.0 g/cm3 bulk density) and allowed to swell to
a lower density – hence the processes of swelling and water saturation were sepa-
rated. The bulk density of MX-80 bentonite powder is around 1.0 g/cm3, so samples
prepared according to procedure 1 at 0.7 g/cm3 and 1 g/cm3 densities did not re-
quire any compaction. The preparation of the samples lasted between 45 and 55
days. A schematic view of the different preparation procedures is presented in Fig-
ure 8.
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Figure 9 X-ray scattering curves of the MX-80 samples at 0.7 g/cm3 dry bulk density.
Horizontal axis is scattering vector (bottom scale) and basal distance (upper scale).
Vertical axis is scattering intensity (arbitrary units) multiplied by scattering vector
squared in order to flatten the baseline. Scattering curves have been spaced for more
clarity. Numbers in the legend correspond to the preparation procedures as de-
scribed in the text: 1 - dry clay saturated with deionized water; 2 - dry clay com-
pacted to slightly higher density than the target and swelling to the target density
when being saturated with deionized water; 3 – dry compacted to slightly higher
density than the target and swelling to the target density when being saturated with
salt  solution (0.1 M NaCl);  4  – dry clay compacted to 1.6 g/cm3 and saturated at
constant volume, then swelling to the target density. (Paper I)

The scattering curves of the samples grouped by density are shown in Figure 9-
Figure 12. The curves have been spaced for more clarity, only the shape of the
curves is analysed here. At the lowest investigated density, 0.7 g/cm3 (Figure  9)
quite clear differences between the samples can be seen. All the three samples swell-
ing while getting saturated with water (procedures 1, 2 and 3) have a similar shape
of the main scattering peak (001) at around 20 Å (scattering vector 0.314 1/Å, basal
distances will be mainly used in the following text). The sample swelling from the
water saturated state (procedure 4) has clearly the lowest and broadest 001 peak.
This suggests that in this sample the stacks of montmorillonite layers are smaller or
have more variation in the basal spacing. The sample with the most distinct shape
at scattering angles both higher and lower than the 001 peak is the only one that
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was prepared with the salt solution (procedure 3). However, all the samples have a
clear, wide peak between around 35-65 Å as shown in other studies [30], [102], [103].

Figure 10 X-ray scattering curves of the MX-80 samples at 1.0 g/cm3 dry bulk den-
sity. The arrow marker points the shoulder of 001 peak of the sample prepared with
procedure 1. Numbers in the legend correspond to the preparation procedures as
described in the text: 1 - dry clay saturated with deionized water at a constant vol-
ume; 2 - dry clay compacted to slightly higher density than the target and swelling
to the target density when being saturated with deionized water; 3 – dry compacted
to slightly higher density than the target and swelling to the target density when
being saturated with salt solution (0.1 M NaCl); 4 – dry clay compacted to 1.6 g/cm3

and saturated at constant volume, then swelling to the target density. (Paper I)

Samples at the dry density of 1.0 g/cm3 (Figure 10) also show some variation in
the shape of the scattering curves depending on the preparation procedure used.
All the compacted samples (procedures 2, 3, 4) have a similar shape of the 001 peak,
whereas the not compacted sample (procedure 1) has a visible shoulder (marked in
the figure by an arrow) of the 001 peak towards smaller scattering angles. Similarly
as at the 0.7 g/cm3 density, all the samples have broad peak between 0.12 and 0.19
Å-1. However, it is less pronounced than for the 0.7 g/cm3 samples. Samples pre-
pared according to procedures 3 and 4 have a very similar shape in this region of
the curve.

Samples of 1.3 g/cm3 dry density (Figure 11) have a remarkably similar shape of
the scattering curve, regardless of the preparation procedure. Comparing to the
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samples of lower density, the broad peak at wider scattering angles is hardly visible.
The 001 peak is symmetrical and positioned around 18.5 Å of basal distance, which
corresponds to three water layers in the interlamellar space and is in line with what
has been reported in literature [104].

Figure 11 X-ray scattering curves of the MX-80 samples at 1.3 g/cm3 dry bulk den-
sity. Numbers in the legend correspond to the preparation procedures as described
in the text: 1 - dry clay compacted to the target density and saturated with deionized
water at a constant volume; 2 - dry clay compacted to slightly higher density than
the target and swelling to the target density when being saturated with deionized
water; 3 – dry compacted to slightly higher density than the target and swelling to
the target density when being saturated with salt solution (0.1 M NaCl); 4 – dry clay
compacted to 1.6 g/cm3 and saturated at constant volume, then swelling to the tar-
get density. (Paper I)

The densest group of samples (1.6 g/cm3, Figure 12) show some variation of the
scattering curve shape. It can be noted at the 001 peak, which is an overlap of two
peaks - corresponding to two and three water layers at around 15.5 and 18.5 Å of
basal spacing, respectively. The sample prepared according to procedure 1 is clearly
the sample with the highest scattering intensity for the basal distance of 15.5 Å. This
can be caused by the fact that this sample has the highest density out of the three
samples (1.56 g/cm3, as compared to 1.51 and 1.50 g/cm3 for the samples of proce-
dure 2 and 3, respectively). The sample saturated with salt solution (procedure 3)
has a more pronounced 15.5 Å peak than the sample saturated with deionized water
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(procedure 2), even though it has a slightly lower density. This is caused by the
presence of salt solution, an effect that has been reported in literature [105], [106].

Figure 12 X-ray scattering curves of the MX-80 samples at 1.5 g/cm3 dry bulk den-
sity. Numbers in the legend correspond to preparation the procedures as described
in the text: 1 - dry clay compacted to the target density and saturated with deionized
water at a constant volume; 2 - dry clay compacted to slightly higher density than
the target and swelling to the target density when being saturated with deionized
water; 3 – dry compacted to slightly higher density than the target and swelling to
the target density when being saturated with salt solution (0.1 M NaCl). (Paper I)

8.1.2 Influence of the homogenization time

The preparation procedure used is not the only factor influencing the structure
of the clay. The time between the preparation of the sample and the analysis (ho-
mogenization time) can influence the results, if it is not long enough. In Paper IV,
bentonite from a long-term experiment, lasting over 15 years, is investigated and
compared with the results of experiments carried out in the same laboratory using
shorter homogenization times. MX-80 bentonite was used in all the tests, but in the
long-term experiment clay from a different supplier was used.

To verify the influence of the homogenization time, the calculated parameters
were the interlamellar (IL) and non-interlamellar (non-IL) porosity. Methods used
were SAXS and NMR, following similar procedures and calculations as in the ex-
periments it is compared to ([22], Paper III). The processing of the SAXS data was
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not changed. After testing the NMR data analysis used in the compared experi-
ments ([22], Paper III), the processing of the NMR data was slightly modified and
the approach developed in Paper II was followed.

The results obtained are compared to those from samples homogenized for 12
months (Figure 13). The values of the interlamellar porosity obtained based on
SAXS pattern analysis agree very well in both cases. The interlamellar porosity
value calculated from NMR relaxation signal is higher than in the short-term exper-
iment. However, this can be attributed to the modification of the analysis method.
The cut-off method (Paper II) results correspond to the total volume of nanopores
rather than the slit-like interlamellar pores only.

Figure 13 Comparison of the interlamellar and non-interlamellar porosity results in
MX-80 samples from the long-term experiment and short-term experiment, lasting
12 months. The light-blue symbols are the results of the long-term experiment.
Curved lines are added to visualize trends more easily, the dashed strait line shows
the total porosity of the system. (Paper IV)

Consequently, the volume of non-interlamellar pores calculated based on NMR
results corresponds to the volume of all pores larger than the interlamellar pores.
This value agrees with the value of chloride-accessible volume calculated after 12
months of sample equilibration.

Similar observations can be made when comparing the long-term experiment re-
sults with the values obtained from the experiment with sample equilibration time
of 3 months (Figure 14). Porosity values calculated using SAXS agree very well in
both cases. The IL value based on NMR results is overestimated in the case of the
long-term experiment due to different data interpretation, and the non-IL value
equals to the chloride exclusion value in the short-term experiment.
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These findings complement the results obtained by Delage et al. [43] who, stud-
ying the samples of a similar size, observed changes in the microstructure of com-
pacted MX-80 bentonite samples up to 90 days after compaction.

Figure 14 Comparison of the porosity results in MX-80 samples from the long-term
experiment and the short-term experiment lasting 3 months. The light-blue circles
and triangles represent the results of the long-term experiment. Solid lines are
added to visualize trends more easily, the dashed line shows the total porosity of
the system. (Paper IV)

8.1.3 Influence of the purification process

The purification process described in section 7.2 removes accessory minerals from
MX-80 bentonite but also influences the size and the arrangement of montmorillo-
nite layers. To observe this change, atomic force microscopy and transmission elec-
tron microscopy were used.

AFM imaging of the montmorillonite layers show the log-normal distribution of
the equivalent platelet diameter in the case of MX-80 bentonite. Among the popu-
lation, very big platelets (diameter >500 nm) can also be found (Figure 15).

The size distribution of the purified bentonite shows different characteristics.
Firstly, the number of platelets with the equivalent diameter of over 300 nm is sig-
nificantly smaller. Secondly, the size distribution is a combination of two log-nor-
mal distributions with peaks around 60 and 180 nm of equivalent diameter.
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In general, the shape distribution of the montmorillonite layers of purified and
untreated MX-80 bentonite (Figure 16) shows more platelets with an aspect ratio
below 2 for the untreated bentonite, and more platelets with a higher aspect ratio
for the purified clay.

Observed differences are most likely caused by the grinding of the clay at the end
of the purification process. Some of the largest platelets are cut and the new popu-
lation with a different size distribution is created.

Figure 15 Montmorillonite platelet size distribution of untreated and purified MX-
80. Equivalent diameter was calculated for a population of around 1200 and 450
platelets, respectively. Note that the brown colour denotes the overlap of two dis-
tributions. (Paper V)
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Figure 16 Montmorillonite platelet shape distribution of untreated and purified
MX-80. The aspect ratio was calculated for a population of around 1200 and 450
platelets, respectively. Note that brown colour denotes the overlap of two distribu-
tions. (Paper V)

TEM imaging gives an insight on the arrangement of the montmorillonite layers
in compacted samples. Comparing the MX-80 and purified samples (Figure 17), it
can be observed that the structure of the MX-80 is more complex. It has more aggre-
gates oriented in various directions, and the montmorillonite layers are often bent
or almost rolled. In contrast, purified clay exhibits a more organized structure, with
the layers aligned in parallel, appearing less random and less complex than MX-80.
Moreover, additional disturbances in MX-80 are caused by the presence of the ac-
cessory minerals, also seen in TEM micrographs.
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Figure 17 TEM micrographs of clay. MX-80 bentonite is on the left, Ca-
montmorillonite on the right column. The top row has the magnification of 1900,
bottom row of 9300 times.

8.2 Interlayer and non-interlayer porosity

As explained in section 4.3.1, stacking of the clay layers creates slit-like pores of
aperture around a nanometre. These pores form a significant part of the total po-
rosity of compacted montmorillonite. In this section the results of interlamellar and
non-interlamellar porosity measurements of MX-80 bentonite and purified Ca- and
Na- montmorillonites are presented. The same methodology was used in the study
of all three types of clay. However, all three clays have different ionic strength of
the pore water, which influences anion exclusion. The purified clays had a different
equilibrating solution (NaCl and Ca(ClO4)2), and MX-80 contained accessory min-
erals that can dissolve in the pore water.
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8.2.1 Ca-montmorillonite

Due to the complexity of MX-80 bentonite, the accessory minerals were removed to
obtain almost pure montmorillonite. This aimed at obtaining a simplified case to
study the structure of the swelling clay. Although MX-80 bentonite is predomi-
nantly a sodium bentonite, also the case of calcium montmorillonite has been con-
sidered (Paper II). This is relevant to the application in deep geological disposal, as
bentonite will, in many conditions, undergo cation exchange with time, changing
from predominantly sodium to calcium form.

The imaging of the clay structure by the means of transmission electron micros-
copy shows a layered structure, where layers are predominantly oriented in a par-
allel way (Figure 18). This may be an artefact of the purification process, in which
drying the montmorillonite suspension favours the oriented arrangement of the tac-
toids.

Figure 18 TEM micrographs of Ca-montmorillonite (0.1 M calcium perchlorate, dry
density 0.63 g/cm3). The edge of the left image is 10 µm, central 1 µm and right 175
nm. White frames in the left and central image correspond to the area shown in the
central and right picture, respectively. (Paper II)

Porosity of the water saturated, compacted Ca-montmorillonite was analysed at
four different dry densities: 0.6, 1, 1.2 and 1.5 g/cm3. The methods used were: SAXS,
NMR and, in the case of samples equilibrated with salt solutions, ion exclusion anal-
ysis. Obtained results are presented in Figure 19. The values of the interlamellar
porosity are fairly similar for the samples equilibrated with water and salt solution,
and follow the general trend of increase with increasing degree of compaction.
However, at the densities of 1.2 and 1.5 g/cm3, SAXS based estimation of the pro-
portion of interlamellar porosity to total porosity gives similar values. The same
trend is visible for the anion exclusion values. NMR results show a similar trend,
but with two differences. At the highest measured density, the NMR estimation of
the interlamellar porosity matches the total porosity value. Porosity of the whole
system at this density appears to be composed of pores so small, that the applied
NMR technique was not able to resolve the slit-like interlamellar pores of roughly
1 nm aperture from all the other pores in the sample. The second difference is a zero
value of the NMR result for the lowest-density sample equilibrated with water,
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whereas the value for the salt-equilibrated sample is close to the IE-based value. It
can be postulated, that mobility of some water molecules can be reduced as they
can be bound in the hydration layer of perchlorate ions. However, this is not con-
firmed by the result at 1.0 g/cm3 density, where NMR-based value is lower than
the IE-based one.

Figure 19 Volume fractions of interlamellar pores in Ca-montmorillonite obtained
from IE, SAXS and NMR. The solid line represents the total porosity of the system.
(Paper II)

8.2.2 Na-montmorillonite

As in the case of Ca-montmorillonite, the analysis of Na-montmorillonite was sup-
posed to be a simplified case to study of the swelling clay structure. As MX-80 ben-
tonite is predominantly sodium bentonite, this is relevant to the application in deep
geological disposal.

As can be seen in Figure 20, the arrangement of montmorillonite layers of inves-
tigated sodium bentonite seems to be much more ordered than in untreated MX-80
bentonite (Figure 17). Since both Ca- and Na- montmorillonites used in this study
were obtained in the same process, their similar appearance in the microscopic scale
was expected.
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Figure 20 TEM images of Na-montmorillonite at dry density 1.5 g/cm3. The square
in the left-hand image is the area of the image on the right side.

Porosity analysis of sodium montmorillonite was carried out as in the case of
calcium montmorillonite: different dry densities using complimentary methods:
SAXS, NMR and, in the case of samples equilibrated with salt solutions, ion exclu-
sion. Results show some similar features: NMR based estimation of the interlamel-
lar porosity equals with the total porosity for the sample of 1.5 g/cm3 dry density
and is close to zero for the 0.7 g/cm3 dry density. However, in the case of low den-
sity samples no influence of perchlorate ion is observed. SAXS-based estimation
shows increasing proportion of interlamellar porosity with increasing density. The
most important difference between the results for Na and Ca forms of montmoril-
lonite is the anion exclusion-based estimation of the interlamellar porosity. For the
densities up to 1.2 g/cm3 it is much higher in the case of sodium clay. This may be
surprising, as the calcium form is known for having bigger stacks than the sodium
form, hence having a larger volume of interlamellar pores. On the other hand, so-
dium montmorillonite had the lowest ionic strength out of the clays analysed,
which means the strongest exclusion effects.

However, using the assumption of anion exclusion one has to be aware that com-
pacted montmorillonite is a highly complex system. There is some amount of anions
penetrating the interlamellar space, but there is also a volume around delaminated
clay layers, where electrostatic repulsion lowers anion concentration. Hence, it may
be that the observed higher value of anion exclusion-based estimation of interla-
mellar porosity for sodium bentonite is caused by phenomena described above. An-
ion exclusion from volume around many exfoliated montmorillonite layers was am-
plified by lower ionic strength and had a stronger effect than the exclusion from the
interlamellar pores.
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Figure 21 Volume fractions of interlamellar pores in Na-montmorillonite obtained
from IE, SAXS and NMR. The solid line represents the total porosity of the system.

8.2.3  MX-80

After presenting purified montmorillonites, in this section the structural study of
MX-80 bentonite is described. As in the previous sections, a range of dry densities
between 0.7 and 1.6 g/cm3 is investigated using SAXS, NMR, TEM and anion ex-
clusion measurements.

Figure 22 TEM micrographs of resin embedded bentonite (dry density 1.3 g/cm3)
taken at different magnifications. Scale bar is, from left to right, 2 μm, 200 nm and
50 nm. (Paper III)

Figure 22 shows transmission electron microscopy images of compacted MX-80.
In the frame c of the image, stacks of montmorillonite layers are well visible along
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with pore spaces between them. Frames a and b show the clay at lower magnifica-
tion, illustrating complex formations and void spaces between them. Also cutting
artefacts, in forms of bright, elliptical areas are visible. For this reason, it was found
impossible to use TEM imaging for any other purpose than visual presentation of
the clay in nano- and microscale. Cutting thin sections of a relatively hard material
such as the clay, especially with accessory mineral grains, as in the case of MX-80,
caused sample imperfections that can be easily mistaken with pore space.

Porosity analysis of MX-80 bentonite samples (Figure 23) shows the general trend
of increasing proportion of interlamellar porosity in total porosity with increasing
density of the samples. Contrary to the case of purified clays, all the methods em-
ployed yield very similar results. In spite of the fact that purified bentonite can be
considered as physically simpler material than MX-80 bentonite, it seems more chal-
lenging to analyse with the experimental methods used in this study.

NMR estimation of the interlamellar porosity at 0.7 g/cm3 dry density has a sim-
ilar value as the estimation using the two other methods, and no influence of per-
chlorate ion was observed. This suggests that the hypothesis made in Paper II, and
repeated in section 8.2.1, i.e. that the presence of perchlorate may reduce the mobil-
ity of water molecules by binding them in the hydration layer, was far-fetched, as
similar behaviour was not observed neither for sodium montmorillonite nor MX-80
bentonite. The higher value of the NMR estimation of interlamellar porosity in the
case of MX-80 may be caused by various factors, such as a more tortuous structure
and more bent and separated aggregates. This could slow down the exchange of
water molecules between pores, hence allowing separation of pores of different size
based on proton relaxation data.

Figure 23 Volume fractions of interlamellar pores in MX-80 bentonite obtained from
IE, SAXS and NMR. The solid line represents the total porosity of the system.
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9. Conclusions

This thesis is focused on the structural characterization of compacted, water satu-
rated bentonite. The main interest of this research is the structure of bentonite, but
numerous methodological challenges had to be overcome to investigate the swell-
ing clay in a wet, compacted state. Therefore, a significant part of this work was
devoted to improving existing laboratory practices and in combining the infor-
mation from different methods.

In this work, MX-80 bentonite was characterized in a state as received, and in a
state after purification to homo-ionic montmorillonite. It was concluded that puri-
fying bentonite to obtain a simplified system for microstructural studies of com-
pacted samples did not bring expected results. In some cases, e.g. for analysing cat-
ion exchange, investigating pure montmorillonite was a good way to make the ex-
periments more controllable. However, in the case of the structural studies, changes
caused by the purification process made the samples very different from MX-80
bentonite. Analysis of AFM images shows different shape and size distributions of
montmorillonite layers in MX-80 and purified bentonites. TEM micrographs show
a different arrangement of the layers in the sample – aggregates in MX-80 are de-
stroyed during purification and a layered arrangement of montmorillonite is ob-
served in purified clay. In fact, this makes analysing the structure of purified clay
using the methods employed in this research more challenging than in the case of
MX-80 bentonite.

The research showed that the sample preparation method (by compacting and
saturating with water) influences its microstructural features. However, the exact
mechanism behind this observation remains not understood. It was also shown that
for 3 months, 1 year and 15 years’ time between sample preparation and analysis,
no changes were observed in interlamellar (interlayer) porosity. Based on these ob-
servations, it can be suggested to carefully choose appropriate sample preparation
method for the studied application. In the case of research for the spent nuclear fuel
repository, preparation of the clay samples should follow the treatment of the clay
in the repository as closely as possible. Samples of the size studied, used for inves-
tigating long-term behaviour of water-saturated bentonite should be equilibrated
with a solution for at least 3 months. Failing to follow these practices may lead to
misleading results that can influence the outcome of modelling of the performance
of the repository.

Bentonite clay is a complex but long-studied material. Its structure and macro-
scopic behaviour are fairly well known, but the full understanding of many coupled
processes has not yet been achieved.

Future perspectives on the bentonite research point towards further linking be-
tween experimental and modelling methods. Predicting macroscopic properties of
bentonite from ab-initio calculations, multi-scale modelling is still at quite early de-
velopment stages. At this point, analysis of bentonite microstructure is still needed
to provide input data for the models. Geochemical models often use the assumption
of double porosity, modelling of swelling and mechanical behaviour can benefit
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from the microstructural data. Constant development of the experimental tech-
niques will allow obtaining data of better quality and precision.

This experimental work characterizes the structure of compacted, water satu-
rated clay. In the process, the set of methods for investigation of swelling clay struc-
ture has been improved. The measured structural feature was the volume of inter-
lamellar pores, and additionally the amount of pore water of different properties
was estimated in MX-80 bentonite, Na- and Ca- montmorillonites. This amplifies
the amount of input data available for computational models used to calculate ben-
tonite behaviour in the repository conditions.
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