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1. Introduction

The application of multi-barrier systems in radioactive waste repositories is
crucial, as a single containment layer cannot ensure complete containment of
radionuclides over the required long period of time." > By the combination of
engineered barriers with the natural environment, the system provides multiple layers
of protection.! 2 From the viewpoint of the potential migration of radionuclides from
the repository, the comprehensive characterization of each level of the multi-barrier
system is required. The typical components of the engineered barrier system are the
solidified waste form, the waste container, and other buffer or backfilling materials.
One of the most crucial parts of the engineered barrier system is the solidified waste,
since the solid matrix is the primary barrier to the migration of radionuclides.
Cementation is one of the main solidification techniques; however, in several cases,
the improvement of the cement matrix is necessary, like in the form of blended
cement.” Regarding the applicability of such materials, the comprehensive
characterization of the solid matrix and its interaction with the waste itself is essential.

In this thesis, the structure and aqueous behavior of the different levels of a multi-
barrier system are investigated from a materials science perspective to estimate their
long-term stability. Special attention is paid to the examination of the structure
influencing effect of the components of cemented waste packages. The diversity and
complexity of the examined samples necessitated a multidisciplinary approach and
the combined application of various techniques, mainly low-field NMR methods with
the aim of showing how these can be applied in the characterization steps of
radioactive waste management.
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2. Research objectives

My PhD research can be divided into three main parts:

1) characterization of binders for radioactive waste immobilization

1I) investigation of the impact of real waste management conditions

1Il) examination of the repository’s multi-barrier system.

The aim of the topic /) was to characterize the micro- and mesostructure of
Ordinary Portland Cement, a base binding material, and to show the applicability and
sensitivity of NMR relaxometry for this purpose through comparison with other
techniques. The second aim was to study the effect of metakaolin and fly ash, as
pozzolanic additives for the improvement of cement, with the goal of finding a
favorable additive and its ratio regarding the aimed application of the cement matrix.

The aim of the topic /I) was to study the real waste management conditions. On
one hand, it meant to describe the leaching behavior, porosity, and permeability of
model cemented waste packages prepared according to the actual cementing recipe of
liquid radioactive waste (condensation residue). On the other hand, the long-term
behavior of model waste packages was monitored under real disposal conditions in
the NRWR.

The aim of the topic //]) was to investigate the aqueous behavior of two levels of
the multi-barrier system of waste repositories: a) the swelling properties of Na-and
Ca- bentonite as engineered barriers; and b) the T5..uoy value, characterizing the
effective porosity, of Boda Claystone Formation, the geological environment suitable
for the disposal of high-level waste in Hungary.

Furthermore, our aim was also to comprehensively describe the diffusivity of water
within the individual levels (waste package, bentonite, geological environment) of a
repository to predict the mobility of ground water.
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3. Literature overview

3.1. Radioactive waste management in Hungary

"Where half of the electricity comes from" can be read on the website of the Paks
Nuclear Power Plant (NPP). Nuclear energy may be a green alternative to energy
generation providing cheap, and environmentally friendly electricity, however, during
the operation and decommissioning of nuclear power plants, waste is generated that
must be handled according to appropriate safety guidelines.* The aim of radioactive
waste management is to handle radioactive waste in a way that protects both human
health and the environment, now and in the future, without placing an unreasonable
burden on future generations.®> There are numerous safety standards, guidelines and
requirements internationally recommended by the International Atomic Energy
Agency (IAEA), as well as individual national regulations for each country, regarding
radiation protection and radioactive waste management.™

In Hungary, according to the Act CXVI of 1996 on Atomic Energy the provision of
the storage and final disposal of radioactive waste is a state duty, thus the Hungarian
Atomic Energy Authority (HAEA) appointed the Public Limited Company for
Radioactive Waste Management (PURAM) to carry out this duty.> 7 With their
cooperation the National Policy and the National Programme on the management of
spent fuel and radioactive waste (2016) were developed in Hungary, based on the
principles required by the Council Directive 2011/70/Euratom of 19 July 2011
establishing a Community framework for the responsible and safe management of
spent fuel and radioactive waste.* '

Radioactive waste can be defined as materials that are either radioactive or
contaminated with radioactivity and are no longer suitable for further use.* The main
sources of radioactive waste in Hungary are the operation and future decommissioning
of Paks NPP, the radioactive materials and ionizing radiation used in fields of
medicine, agriculture and industry as well as the radioactive materials used and
produced in the research and training reactors operating for research and education
purposes.' 12 There are two reactors for the last purpose in Hungary: Research
Reactor of the Hungarian Academy of Sciences Centre for Energy Research and the
Training reactor of the Institute of Nuclear Techniques of the Budapest University of
Technology and Economics.? % 1

During the operation of nuclear power plants, numerous radioactive isotopes may
be produced: a) from the fission of *°U (fission products e.g.: *°Sr, *Tc, I, 1*’Cs),
b) from reactions involving U (transuranium elements e.g.: Py, 2*!'Pu, **'Am,
2Np), and c) through the activation of the structural materials and environment of
the nuclear reactor (e.g.: °H, '*C, 3°Cl, >*Mn, *Fe, ®Ni, ®’Co, *Zr, *Nb, !1'mAg) 1314
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These isotopes are part of radioactive waste, which can be classified according to a)
the state of the matter (solid or liquid), b) the activity, and c) the lifetime of the
radioactive isotopes. The National Programme of Hungary on the management of
spent fuel and radioactive waste (2016) classifies the waste according to the half- lives
and radioactivity of the isotopes considering the possible heat generation during their
disposal.” '° If the heat generation of the waste during disposal is negligible, the waste
can be classified as short or long lived LLW (low-level waste) or ILW (intermediate-
level waste).” ' Short lived radioactive waste has a half-life of <30 years, and its long-
lived alpha-emitting radionuclide concentration is limited.> '° In the case of HLW
(high-level waste), heat generation must be considered during its disposal. Based on
the MSZ 14344-1:2004 Standard, 2 kW/m? is the critical heat generation limit above
which radioactive waste must be treated as heat-generating and requires special
consideration in temporary storage or final disposal.” ' The management of the
different waste types may differ due to their various characteristics.

The general waste management steps and the life cycle of radioactive waste after
generation are shown in Figure 1.

Waste generation Disposal

Pretreatment _—
* Collection
&’ o Characterization
2] ¥ * Segregation
|

o Adjustment
* Decontamination

4

)|
Deep geological
NPP Operation repository

- Treatment
* Reuse, recycling
4= ¢ Volume reduction
m T] * Removal of radionuclides
/e Composition changes

Near surface
NPP Decommissioning repository
5 Conditioning i
- @ > 4 « Solidification Interim storage
* Embedding Placement of waste
\ * Encapsulation ‘/ in the nuclear facility
! ¢ Packaging

Medicina, research,
industry

Figure 1.: Schematic representation of the life cycle of radioactive waste.

The generated waste may undergo different pretreatment steps to be categorized
and separated for further processing.!> 1> The waste is then transformed into waste
packages suitable for transportation and storage/disposal through various conditioning
processes, e.g.: solidification, embedding, or encapsulation.'? Solidification of low

4
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and intermediate level liquid radioactive waste in cement, bitumen or glass are
commonly used immobilization methods, while HLW might be vitrificated into glass
matrix or embedded into metal matrix.'> !> After the temporary storage of the
solidified waste packages, the final step of the radioactive waste management process
is the disposal of the waste in a repository facility built according to multi- barrier
concept, which ensures the long-term safe isolation of the waste from the biosphere. !>
16-18

In Hungary according to the National Programme, the largest amount of
radioactive waste is generated during the operation of the four VVER440/213-type
reactor units of the Paks NPP, where both solid and liquid waste are produced.”® '° The
main sources of solid LLW and ILW waste are contaminated or activated protective
garments, equipment, tools, pipelines, thermal insulation, etc. contaminated over the
operation or maintenance of the NPP.> !° These are collected selectively (e.g.:
compactable, non-compactable) and stored in bags or steel drums (/~200 1) in the
interim storage at the site of the NPP. % '° Liquid radioactive waste is generated mainly
during the treatment of water in the primary circuit, and the decontamination of rooms
and equipment being listed in Figure 2. In small quantities, contaminated oil waste
may generate.” '° The aqueous based liquid waste of the primary circuit is collected

in a special sewer system and is treated by filtration, sedimentation, and chemicals.*
10

Low and Intermediate Level
Liquide Waste

T T T T

Normal and

Normal and ' R
malfunction GG e Evaporator acid | Decontamination | lon exchange
condensation . solution i
: residual sludge slton =0
residues

Figure 2.: Low and intermediate level liquid waste types generated in NPPs.

A decisive proportion of aqueous liquid waste is treated by liquid waste treatment
technology which reduces its volume drastically resulting in evaporation residue
which may be discharged after inspection.” '° Liquid waste that cannot be treated with
this technology (e.g.: operational condensation residue, sludge, decontamination
solution, ion exchange resin) are solidified by cementation in steel drums. Relatively
small amounts of HLW are generated annually in Paks NPP, which are interim stored
in pipe wells.> '° In 2003, there was an operational incident in the second unit of Paks
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NPP, where a large amount of liquid waste was polluted with alpha radiation isotopes
causing the production of malfunction waste types as shown in Figure 2. These were
collected and stored separately.>* 10

There are three facilities for the disposal/ interim storage of radioactive waste in
Hungary coordinated by PURAM. These are the Radioactive Waste Treatment and
Disposal Facility (RWDTF, near-surface repository for LLW, ILW, Piispdkszilagyi),
National Radioactive Waste Repository (NRWR, underground repository in a depth
0f 200-250 m for LLW, ILW, Bataapati), Spent Fuel Interim Storage Facility (SFISF
for HLW, Paks).>% 1% The LLW and ILW waste generated during the operation of
Paks NPP is transported to the National Radioactive Waste Repository, where the
solidified waste is stored and disposed of.% % 1019

A deep geological repository for the disposal of high activity and long-lived
radioactive waste and spent fuel will also be established, the site of which is under
selection. In 2000, PURAM set up a formation-qualifying research program
(screening) covering the entire territory of the country.” ' !° Based on the national
screening, the Boda Claystone Formation (BCF) was found to be the most promising
option.?%

To ensure the long-term safety of the radioactive waste disposal facilities, the
application of multiple engineered barriers and an appropriately chosen natural
environment is required, which contain and isolate the waste from the biosphere. 2
Regarding the multiple engineered barriers system, the individual components of the
barrier system itself should retrain the migration of radionuclides, thus the possible
damage of one barrier does not endanger the performance of the disposal system. ! 2
The multiple barrier system contains at least six levels: /) the solidified waste form,
1]) the corrosion resistant metallic container/ drum, //I) the cement/ concrete filling
between the containers, /) the concrete wall of the vaults, V) backfill materials (e.g.
clays) and VI) the host rock of the repository.> !> ¢ The last one can be considered as
a natural geological barrier (NGB), while the other levels are the engineered barrier
system (EBS).'¢

The host rock (NGB) of the NRWR is the Moragy granite formation, while the
engineered barrier system of the repository consists of the following segments. ' >
The waste packages are disposed according to a new storage concept: four of the
conditioned radioactive waste containing drums are placed in a thin-walled reinforced
steel container and the space between the drums is filled with cemented liquid
radioactive waste resulting in compact waste packages.'” 2 These containers are
placed in a reinforced concrete pit installed in a storage chamber of the facility, and
the space between the containers is filled with inactive cement.'® The chamber is filled
in sections, and each section is separated by a reinforced concrete wall.!® The space
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between the reinforced concrete containers and the cut wall within the storage
chamber is filled with backfilling materials (concrete mixed with granolith).” 1
According to the closure concept of the NRWR, the servicing and approach cut system
will also be filled with the same backfilling materials and at certain places

sectionalizing plugs made from concrete and bentonite will be integrated.® '% 24

3.2. Cement in radioactive waste management

As can be seen from the previous chapter, cement plays a pivotal role in most
repository design concepts.?® It is part of the engineered barrier system and is an
immobilization matrix for LLV and ILW. It can sorb radionuclides, inhibit steel
corrosion by contributing to an alkaline near-field, influence microbial activity, and
may inhibit the transport of radionuclides in the repository.?® Immobilization of
radioactive waste means the conversion of raw waste containing mobile contaminants
into a solid and stable waste form.?’” Cementation is a widely used immobilization
method for low and intermediate level waste.?” 8

There are numerous advantages of immobilization of radioactive waste by
cementation:

e Cement is a cheap and available solid material, which can be handled easily at
ambient temperatures.?’-?

e It can function as a diffusion barrier, can sorb radionuclides, and ensure the low
solubility of several compounds due to its alkalinity.?’

e [tis suitable for the solidification of various waste types (e.g.: dry solids, sludges,
condensation residue).?’

o The cemented waste forms are stable and can be handled easily, while also the
cementation method can be modified and improved for various waste types (e.g.:
by the addition of pozzolans).?” %

Hydraulic cement is an inorganic material, which is set and hardened upon
interacting with water through hydration reactions resulting in a solid water-resistant
product.?? 3 Ordinary Portland cement (OPC) is one of the most common types of
cement consisting of several anhydrous minerals.?® This type of cement is produced
by heating limestone with clay to about 1450 °C in a kiln; and the resulting clinker
phases are then grounded and mixed with a small amount of gypsum (~2 %).?® OPC
consists of four main anhydrous clinker phases: 50-70 % tricalcium silicate (alite,
C3S= 3Ca0-Si0»), 20-30 % dicalcium silicate (belite, C,S= 2Ca0-Si0»), 5-12 %
tricalcium aluminate (C3A= 3Ca0O-Al;O3) and 5-12 % tetracalcium ferroaluminate
(C4sAF= 4Ca0-Al,05Fe,05).2% 3! The first two clinker phases form the silicate, while
the last two mean the aluminous phases of Portland cement.’! Gypsum (C$H,=
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CaS042H,0) is added to the cement to control the rapid hydration of the C;A phase.?!
There are two mains Portland cement types: white and grey cement. In grey cement
the CaO ratio is lower (60-65%) compared to white cement (~70%), while its Fe,O3
content is higher (1%<).3!

Among the clinker phases, the tricalcium aluminate (C3A) and tricalcium silicate
(C5S) phases are the most important in terms of cement hydration.’! The first is the
most reactive phase of cement, which plays an important role during early hydration.°
The hydration of C3A, in the presence of sulfates (gypsum, C$H>) leads to the
precipitation of ettringite (Aft, CsA$3Hs,), which can further develop to
monosulfoaluminate (Afm, C4A$H,), when the sulfate depletion point is reached:*°

C3A + 3C$H2 + 26H — C6A$3H32 (1)
ZC3A + CGA$3H32 + 4H - 364A$H12 (2)

Even though C;A is very reactive, the hydration process of Portland cement is
mostly dominated by CsS, the main clinker phase. As the tricalcium silicate reacts
with water, amorphous CSH gel and crystalline portlandite (CH) precipitate:*°

CsS+ (3—x—n)H,0 > Cy— S —Hyp + (3—x)CH 3)

where n represents the water to silica ratio in CSH and the CaO/ SiO; ratio alter
between 1.2- 2.1.3° The hydration of C3S consists of 5 well-known stages, which will
be discussed in more detail later in the Results section.

As a result of the hydration reaction various hydrate phases form, among which
the crystalline portlandite (20-25%, CH= Ca(OH),) and amorphous calcium silicate
hydrate (50-70%, CSH= 1.7Ca0-Si0,-nH,0) are the major hydrate phases. In addition
to these, calcium aluminoferrite trisulphate (Aft, Cas(ALFe)2(SO4)3;(OH);12:26H,0),
calcium aluminoferrite  monosulfate (Afm, Ca(AlFe)2(SO4)(OH)i2-6H,0),
hydrogarnet (3Ca0O-Al,036H,0) and hydrotalcite (MgsAl(CO3) (OH)16°4(H20) are
formed as minor phases.”® 3° Besides these, calcite (CaCO3) may form due to the
carbonation of cement.

Cement acts as a chemical and physical barrier for the radionuclides since during
cement hydration, hydrate phases suitable for the sorption of dissolved radionuclides
and a porous structure that prevents their movement are formed.* 3% 3* The hydrate
phases of the hardened cement provide various options for the sorption of dissolved
radionuclides including surface/ bulk sorption, incorporation or solid solution
formation and precipitation.?® ** The main hydrate phase, the CSH gel, has a high
complex amorphous structure with a large specific surface area, which provides a high
sorption capacity and allows the non-specific sorption of both cations and anions
depending on the Ca/Si ratio of the gel.?®
metal ions (e.g.: Ni), and anions (e.g.: Cl, I') due to its layered structure and the

Crystalline portlandite can strongly sorb
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numerous OH functional groups on its surface.”® Aft phases, like ettringite, have an
open structure with negatively charged surface presenting several possibilities for ion
exchange/ substitution and adsorption processes (e.g.: for Sr**, Ni**, CI;, 105).2® Afm
phases, like monosulfoaluminate, allow ion exchange/ substitution processes and may
sorb heavy di-, trivalent metal ions and halogens due to its irregular layered structure
and unbalanced layer charge.”® Afm phases have potential to sorb CI" by forming
Friedel’s salt.?® In hydrogarnet the sorption may happen though ion substitution (e.g.:
AP~ Cr*"), while in the layered structure of hydrotalcite the incorporation of di- and
trivalent ions may take place (e.g.: Ni**, Co*, Cr**, CI").%8

The precipitation of the hydrate phases results in the formation of a heterogeneous
porous solid structure with pores in a large size range (from a few tenths of nanometers
to micrometers). The CSH gel, as the main component of the hardened cement,
determines its mesostructure. There are numerous models describing the mesoscale
structure of the CSH gel, among which the most widespread ones are the colloidal
model by Jennings and the continuous model by Feldman and Sereda.**3¢ The colloid
model (CM-II) suggests that the CSH gel builds from approximately 4 - 5 nm sized
globules, that may aggregate into high- or low- density phases called inner and outer
CSH respectively.** 3 These globules are not compact but have a layer-like structure,
which consists of defective CSH sheets like tobermorite and jennite.* 3¢ These sheets
in the globules surround the smaller (<1 nm) intra- globular pores, while between the
globules gel pores with dimensions of 1 - 12 nm are present.** 3 The continuous
model describes the CSH gel as a disordered, continuous assembly of highly defective
CSH sheets.?* 3¢ These sheets are similar to the ones in the colloid model, but not only
extend to the globules, but to the whole gel phase, having a crumpled nature and
enclosing pores of different sizes.>> 3 Beside the pores of the hydrate phase, larger
capillary and air pores are also present in the cement structure.

In the hardened cement structure water can be present in chemically (non-
evaporable), and physically bound states, as well as can fill larger pores according to

the Powers’ model.?”- 38

3.3. Characterization of cementitious waste forms

Modelling the potential migration of radionuclides from the repository is a
complicated task, which requires the comprehensive characterization of each level of
the multi-barrier system. During the characterization of solidified waste forms, it is
essential to determine that: /) the hazardous radioactive constituents have been
immobilized, /I) the radionuclide content is known with sufficient accuracy and /I1)
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the waste forms meet all requirements regarding mechanical strength, leachability,
durability and physical integrity.!>*°

The leaching resistance (radionuclide retention capacity) of cement is routinely
tested by accelerated leaching methods, which allow the determination of the leached
fractions of the radionuclides and their effective diffusion coefficients within the
cement matrix.*>¢ Pore size and its distribution are the main basic indicators of
porous materials, which highly influence the permeability, permeation rate, and
retention performance of the material.*’ Although, the structural characterization of
the cement matrix is somewhat complicated, due to the large size range of the pores
and the non-evaporable water content of the CSH gel, the commonly used structural
examination techniques (e.g. gas adsorption, mercury intrusion porosimetry, scanning
electron microscopy) can generally provide information about the different parts of
the heterogeneous structure.

A well-established method of pore size and volume determination is the mercury
intrusion porosimetry (MIP), which can be used to detect pores in the size range of 3
nm - 1000 pm.**3! The basis of the method is the pressure-dependent intrusion of a
non-wetting liquid, mercury, into the porous system.*! The relationship between the
pressure that forces the intrusion (P) and the pore size (d), which is described by the
Washburn equation, with the assumptions of connected, cylindrical pores:

Pd = —4ycosf 4)

where y is the surface tension of mercury (y ~ 480 mN/m) and € is the contact angle
between the pore walls and mercury (6 ~ 130°).#-51

Gas adsorption is one of the most popular methods for determining the pore size
distribution (in the range of d~ 2-50 nm or even lower) of micro- and mesoporous
materials with large specific surface area.*’ The basis of this method is capillary
condensation: first, the multilayer physisorption of gas on the pore wall occurs, then

at high relative pressures, capillary condensation takes place.*”

During the
measurement, the quantity of the adsorbed gas is recorded as a function of the relative
pressure of the gas, resulting in the adsorption and desorption branches of the
isotherm.> Due to the distinct mechanism of the adsorption- desorption processes, a
hysteresis may occur between the branches of the isotherm.*” > The shape of the
isotherm depends on the properties of the interacting substances as well as the
adsorbent-adsorbate interactions and based on this the isotherms can be classified into

six groups according to the IUPAC classification.>?-*

Adsorption models (e.g.:
Langmuir- model, a Brunauer—Emmett—Teller (BET) model, Dubinin—Radushkevich-
(DR) model, Barrett, Joyner and Halenda (BJH) model) can be used to obtain
information about the size of the surface, the size and size distribution or volume of

the pores.>> %35 The most used gas for this method is nitrogen.*” 3
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Scanning Electron Microscopy (SEM) is a key technique for the microstructural
characterization of porous materials in micro- nanometer size range, allowing the
direct observation of the pore structure and the morphology of the sample.*® >’ SEM
uses a high energy electron beam, which reaches the sample causing the generation of
backscattered electrons (BSE), secondary electrons (SE), and X-rays, among others.>®
37 According to the detected signal different information about the sample could be
observed: BSE gives information about the composition of the sample, while SE
originates from the near-surface region of the sample and gives insight into the
topography and morphology of the sample.>® %’

Most of the mentioned techniques provide information about the porous solid
under vacuum conditions, however, from the viewpoint of the application of
cementitious materials and other parts of the multiple barrier system, it is essential to
characterize them in aqueous medium. Liquid-state nuclear magnetic resonance
(NMR) methods may be used for this purpose, which can provide information about
1) the pore structure in the whole micro-macro size range in the wet and dry samples®
62 1I) the connectivity of the pores®-% and /II) the movement of water®® 66 67
the material.

within

3.4. Nuclear Magnetic Resonance

3.4.1. Fundamentals of NMR

The basis of nuclear magnetic resonance methods is that the degenerate energy
levels of atomic nuclei with a magnetic dipole moment (e.g.: 'H, ?H, '*C, '*N) split in
magnetic field (Zeeman effect) and can be excited by electromagnetic radiation in the
radio frequency range.%®7° Generally, a large number of spins are present in NMR
samples, and the vector sum of the individual nucleus results in the macroscopic
magnetization (M) of the sample.”’ In static magnetic field the macroscopic
magnetization aligns with By, however upon disturbance it can tilt from the
equilibrium state into the transverse (x-y) plane and precess about By with Larmor
frequency (wy):

wr =YBy )

where y is the gyromagnetic ratio of the nuclei (y~ 2 x 42.57 MHz/T for 'H).”!

The macroscopic magnetization can be disturbed and rotated away from the
equilibrium state (z plane) by a magnetic field (B;) perpendicular to Byoscillating in
resonance with the precession frequency (rf pulse).”” As the precession of
macroscopic magnetization is a rotational motion and the rf pulse is a rotating wave,
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it is conventional to study the change of the macroscopic magnetization in a rotating
coordinate frame as Figure 3 shows.”

If B, is turned on, the macroscopic magnetization rotates about B; in the x-y plane
with a frequency (w;), and by applying B; in a pulsed fashion for a defined time
interval (#,), the magnetization can be rotated in the rotating coordinate frame around
the different axes.”

a) z b) B, z  99° q
- -~
M,
x y x My Ty x

ng R ng ,\\_f\_”,.‘_\_l_\_f_f_‘_
ne FANPAS— e —APNAA— e — AP AP

Figure 3.: In a rotating coordinate frame, the macroscopic magnetization (M) of a spin system
a) exposed to static magnetic field (By), excited b) with 90° rf pulses and ¢) 180° rf pulses (B)).
The figures below show the population of the two spin states (7.~ higher energy state, ns -lower
energy state) of the spin % nucleus.

The most commonly used pulses are the 90° and 180° rf pulses; the former one
rotates the magnetization to the y axis and converts M. to M, and balances out the
population difference of the spin states (see in Figure 3b).®® 7° While the later one
inverts the magnetization to the -z axis and swaps the population of the two spin states
of the spin % nucleus (see in Figure 3¢).®* 7 After the excitation, the magnetization
can return to its equilibrium state through two main relaxation processes as shown in
Figure 4.

T, relaxation T, relaxation

Figure 4.: In a rotating coordinate frame, the macroscopic magnetization (M) of a spin system
a) exposed to static magnetic field and b) excited with 90° rf pulse (B;). Return of M to the
equilibrium after excitation through c) transverse and e) longitudinal relaxation.

o Transverse or spin-spin relaxation is an entropic relaxation process, which
involves the dephasing of the coherent macroscopic magnetization in the x-y
plane due to local magnetic disturbances owed to the quality of the magnet and
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the interactions (e.g.: dipole- dipole interaction) within the spin system (see in
Figure 4¢).”%7? The phase coherence of M, is lost in time (7> transverse relaxation
time). Transverse magnetization conventionally decays exponentially: My, (t) =
MZ(O)exp_t/TZ.m’ 71

e Longitudinal or spin-lattice relaxation is an enthalpic relaxation process, which
involves an energy exchange between the spin system creating the macroscopic
magnetization (M) and the lattice that does not participate in it.°® ° The 7}
longitudinal relaxation time is the time required for the spin system to recover
the equilibrium population difference between the upper and lower spin states
after the excitation (see in Figure 4d).”* Longitudinal magnetization decays as:
M, (t) = M,(0)(1 — exp™t/T1).7°

These relaxation processes are sensitive to molecular motions which can cause
fluctuations in local magnetic fields, such as the rotational diffusion of the
molecules.®® *The later motion can be characterized by the rotational correlation
time (z.), which is the time required for the molecules to rotate 1 radian (~60°).
Short 7. means rapid molecular motion. 7> transverse relaxation time shows a steady
decrease with increasing 7., meaning that the rapidly (freely) moving molecules relax
slower.” In contrast, the 7; longitudinal relaxation time shows a minimum
(hyperbolic shape) with increasing 7., meaning that both the slow and rapidly moving
molecules may have long 7;.% 7177 This keys the difference, why it is better to
characterize the porous structure of cement by measuring the 7> transverse relaxation
times.”!

Other interactions can also vary the magnetic field, causing the enhanced
dephasing and loss of the macroscopic magnetization (NMR signal), such as the
magnet inhomogeneity, magnetic susceptibility differences within the sample and the
electron- nuclear interactions.”" "> This latter one is especially relevant and strong in
the case of cement, where dipolar interaction between the water protons and the
unpaired electrons of paramagnetic impurities, like Fe**, can enhance the relaxation
process.”!

3.4.2. Characterization of the porous structure by NMR

The porous structure of materials can be indirectly characterized through the pore-
filling liquid by NMR. The mentioned relaxation times are particularly useful
parameters for the characterization of porous materials, since they are strongly
dependent on the pore size, the distribution of the pore sizes, as well as the water

1.72

content and the type of the material.’* The relaxation times of fluids in porous media

differ significantly from that in bulk fluids as expected from dependence of the 7 and
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T relaxation times on the correlation time of molecular motions (z.).”> Thus, water
types with different ‘mobility’ can be distinguished based on their relaxation time
constants.”® 7’ The relation between the T; and 7> relaxation times and the pore sizes
(surface to volume ratio, S/V) is defined in a two-site model with the assumption of
72 7881 According to this model, the liquid can be
present as a liquid layer on the surface of the solid or in the bulk phase, and rapid

fast-exchange between the sites.

diffusion occurs between these liquid domains.” 7® 7 Therefore, the total relaxation
process of the system can be described by the volume-weighted average of the
relaxation rates (1/7>) of the liquid domains with different mobility:

1 Vil ,V 1

VTV o ©
where Vs and Vi are the volumes of the surface and the bulk liquid respectively and
V' is the total volume of the liquid. T%xu and T»s are the characteristic relaxation time
constants of water molecules in the bulk-like and surface regions, respectively, and 7>
is the observed apparent transverse relaxation time.®' The surface to volume ratio of
the pores can be calculated knowing the surface relaxivity (&) of the material as

follows:
Loy 1 7
T, pr Tapuik @)

where S, is the surface and ¥, is the volume of the pores.’ 7 898283 Surface relaxivity
reflects the strengths of the interactions between the pore surfaces and the mobile
nuclear spins.’”> 3 When the geometry of the pores is known, S,/V, can be replaced by
the pore geometry (e.g.: 3/r for spherical pores) and the pore size (r) can be
calculated.” "> 7’

The 7> relaxation time of fluids confined in porous media may be measured using
90°- fecho- 180°- techo- acquire spin echo sequences, such as the CPMG (Carr—Purcell—
Meiboom—Gill) pulse sequence, which uses a train of 180° refocusing pulses after the
initial 90° pulse.”":7> 7 It is advisable to keep the echo time (Z..1o) between pulses short
to avoid complications due to diffusion in the presence of local magnetic field
gradients.”” The T relaxation time of liquids may be determined by using the
inversion-recovery (IR) pulse sequence containing 180°- #;,,- 90°-acquire, where .
is a waiting time.”" 7

'H NMR relaxometry has been greatly used for monitoring the hydration process
and microstructure evolution and for characterizing the porous structure of cement
since the late 20" century. 6% 71. 74 8588 Blinc et al. were the first, who monitored the
evolution of 7; and 7> of confined H>O and D,O over the hydration of cement and C3S
pastes.® Halperin et al. were the first who applied the above-mentioned fast exchange
model in cement paste for the conversion of T to size.”” Several water domains can
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be distinguished in cement by their 7> relaxation time constants, which are in good
agreement with the mentioned water types in Section 3.2,3% 88 90-92

With the combination of the mentioned two pulse sequences (CPMG, IR), the
correlation between the two relaxation time constants (77 and 7>) can be studied,
which addition to the pore structure characteristics, might shed light on the exchange
processes of water molecules between the different pore types.®3-6%°*% McDonald et
al.% 6465 and Cadar et al.® both performed T;—T> correlation experiments on cements
and could distinguish the different water types within the solid material. McDonalds
et al. found that the diagonal feature of the signals shifted to T,/= 475.%°

Fast Field Cycling NMR relaxometry (FFC NMR) is another type of NMR
relaxometry, where the longitudinal relaxation time (77) of the confined liquid is
measured at various Larmor frequencies, therefore it is sensitive to a wide range of
molecular mobilities and can provide useful information about the nano-scale
dynamics of confined liquid molecules.®> *> ° FFC NMR measurements on

1. %97as well as by Ardelean

cementitious materials have been performed by Korb et a
et al.®> %% %89 Badea et al. followed the early hydration of cement pastes affected by
silica fume and the curing temperature and could successfully apply the theory of
Korb et al, detailed below in the Results section.®’ for the evaluation of the observed
T, dispersion curves.” %

NMR cryoporometry is a non-invasive method that allows us to examine the size
and geometry of pores.'%-1%2 This is a freezing-based method, in which the proton
signal of the liquid phase is detected. The amount of the molten phase, and therefore
the intensity of the signal, gradually changes during freezing and thawing. The
correlation between the size of the confinement (7,) and the freezing—melting point
depression (47,) can be described by the modified Gibbs-Thomson equation:
®)

nK.

ATmyf = Tmyr —To = — "
where T} is the phase transition temperature of the bulk liquid, 7, is the melting and
freezing point of the liquid in the pores, 7 is a factor correlated to the pore geometry
and K. is the cryoporometric constant of the liquid. %1%

Cryoporometry was successfully applied for cement-based mortar by Valckenborg

et al., who revealed three different pore types.'®

3.4.3. Diffusion of water in the porous structure

NMR diffusometry can be used to determine the self-diffusion (Brownian motion)
coefficient of water, the value of which significantly decreases when molecules are
confined within a porous system, and their movement is restricted.'**!% The diffusion
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coefficient can most often be measured using a stimulated spin echo sequence with
gradient pulses (PFG-NMR).!% 1% The sample is magnetized in the longitudinal (z)
plane for most of the measurement time, relaxing according to 77, which in the case
of samples with fast transverse relaxation time does not lead to signal loss due to
relaxation. The diffusion coefficient (D.s) can be determined from the measured
signal intensity using the following equation:

I = Iy exp(— Dobsy 26G*(4 — §/3)) ©)

where [y is the initial intensity, y is the gyromagnetic ratio of the given nucleus, 4 is
the diffusion time, while 6 is the duration of the gradient pulse. ' % The dependence
of Dy»s on 4 can provide information about the pore size in the 5-100 pm range and
the permeability of the closed space that limits the diffusion processes. !> 1% However,
in several cases, like in grey cements, these methods are not suitable for studying the
diffusion process, due to the Fe*" content of cement, which accelerates both the T; and
T, relaxation of water. The so-called HO—D>O exchange diffusion technique, which
Fleury et al. applied to cement, concrete, and mortar samples, is suitable for examining

such systems. %6 ¢7
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4. Experimental methods

4.1. Materials

For the cementitious samples, grey Portland cement (CEM 142.5 N, dpasicie~5-30
pum) was purchased from Duna-Drava Cement Ltd. Metakaolin (KM60, dyaricie< 63
um) consisted of 50-55% SiO,, min. 40% Al>O3, max. 1.45% Fe;0s3, 0.05-0.5 % CaO,
0.20-0.45 % MgO and max. 1.5% K,O+Na,O and was purchased from Keramost Plc.
Fly ash (Microsit®10, dparicie~ 10 pm) was a PFA type anthracite ash (class F fly ash)
with a composition of 52% SiO,, 25% Al,O3;, 7% Fe 03, 0.5 % CaO, which was
purchased from NEWCHEM GmbH.

The dry powders were mixed on one hand with deionized water (MilliQ), and on
the other hand with a model solution prepared from isotope analogue model ions and
complexing agents. Boric acid (H3BO;, ar.), sodium hydroxide (NaOH, a.r.),
potassium hydroxide (KOH, a.r.), potassium iodide (KI, a.r.), potassium chloride
(KCl, a.r.), oxalic acid dihydrate (C2H,O42H>0, a.r.), ethylenediaminetetraacetic acid
disodium salt dihydrate (Na,EDTA2H,0, Puriss) were purchased from Molar. Nitric
acid (HNO3, 65 (m/m)%, a.r.) and citric acid monohydrate (C¢HsO7°H-O, Ph.Eur.)
were purchased from VWR. Neodymium (III) nitrate hexahydrate (Nd(NO3)3-6H,0,
99.9%), cesium nitrate (CsNOs3, 99.9%) and ammonium perrhenate (NHsReOs,
99.9%) were purchased from Sigma-Aldich. Nickel acetate (Ni(CH3COO),-4H,0, at.)
was purchased from Reanal. For the sample preparation, PVC tubes (d=0.6 cm) were
used.

Ca-bentonite (Istenmezeje, Hungary, dparice<< 20 pm) consisted of 3.3% SiO»,
18.7% AlL,O3, 3% Fe 03, 1.5% CaO and 3.5% MgO. Na- bentonite was prepared from
Ca-bentonite by cation exchange in the Lajos Imre Isotope Laboratory, University of
Debrecen.

The boreholes of Boda Claystone Formation (BCF) were received from Geochem
Ltd., Geolog Ltd. and were taken from two depths, 665.45 m (BCF1) and 746.06 m
(BCF2). The diameter of the borehole was ~6 cm, and the samples were packed into
foil. To simulate the pore liquid of BCF samples, a model solution was prepared
containing calcium chloride dihydrate (CaCl,'2H,O, >99%), magnesium sulfate
heptahydrate (MgSO4 7H,0), potassium sulfate (K,SOs), sodium bicarbonate
(NaHCO:3), disodium hydrogen phosphate dodecahydrate (Na,HPO4 12H,0O) and
sulfuric acid (ACS reagent, 95.0-98.0%) purchased from Sigma Aldrich and Merck.

For the H,O- D,0O exchange diffusion measurements, heavy water (D,0O, 99.96
atom % D) and sodium hydroxide (NaOH, Reag. Ph. Eur.) were purchased from
VWR.
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For the ICP-MS measurements, nitric acid (HNOs, 67%, NORMATOM®) was
purchased from VWR, internal indium ICP-MS standard (200 pg/l In) was purchased
from VWR. For the filtration of the leachates the 0.45 pm cellulose acetate filter
membrane was purchased from Kipszer- Paraplan.

4.2. Sample preparation

Pure Portland cement samples were prepared by mixing Portland cement with
deionized water in 0.4- 0.6 water-cement (w/c) ratios. After homogenization, the
cement paste was poured into cylindrical PVC molds (4~ 2 cm, d= 0.6 cm) and cured
for 28 days at 298+0.1 K, 100% RH (a beaker of water was placed next to the
samples). The hardened cement samples were generally studied in cylindrical sample
form by NMR in dry or water saturated states. For the dry tests, the samples were
dried in an oven at 353 K for 7 days.

To study the effect of pozzolans, two sample series were prepared using Portland
cement mixed with metakaolin and fly ash separately in 0, 10, 20 and 30 m/m% mass
ratios (detailed in Table 1). The water-solid (w/s) ratio was 0.5 for each sample. The
curing process of the cement composite paste is the same as described for pure
Portland cement. To follow the hydration process of the cement composites, the
samples were prepared in-situ before the measurements.

Table 1.: Composition and name of the prepared cement composites.

Cement | Mc10 | Mc20 | Mc30 | Fc10 | Fc20 | Fc30
Cement (m/m%) 100 90 80 70 90 80 70
Metakaolin (m/m%) - 10 20 30 - - -
Fly ash (m/m%) - - - - 10 20 30
Water/solid ratio 0.5

For studying the effect of the complexing agent content of model cemented waste
packages, samples were prepared based on the recipe for the cementation of low- and
intermediate-level waste (e.g.: condensation residues) at Paks NPP in Hungary, which
was received with the permission of PURAM. Accordingly, 80 m/m% Portland
cement and 20 m/m% metakaolin were mixed with a model solution, containing
H;BO;, NaOH, KOH and HNOj3, in w/s=0.5 ratio. Radioactive isotopes ('*°Cs, *Ni,
1291, 38Cl) were replaced by their inactive forms. In the case of non-replaceable
isotopes, elements with similar chemical properties were used: technetium (**Tc) was
replaced with rhenium, while americium (> Am) was modeled with neodymium. The
composition of the model solution and the applied model ion concentrations are
shown in Table 2. Complexing agents in different concentrations (0 — 20 g/l) were
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added to the solution in 1:1:1 mass ratio: citric acid, oxalic acid, Na,-EDTA. The
homogenized cement paste was cured as detailed above.

Samples for testing the long-term effect of the waste storage conditions were
prepared in the same way in two sizes: small (4~ 2 cm, d= 0.6 cm) and large ones (s~
2.8 cm, d= 2.8 cm).

Table 2.: Composition of the model solution used for the model waste packages.

Components Concentration (g/1)
H3;BO; 190.02
. NaOH 131.22
Model solution KO 2430
HNOs 315
Ni(CH3C00); 4 H,O 1.3625
Nd(NOs);-6 H,O 0.9802
. CsNO; 0.4777
Model ions KI 0.4204
NH4ReO4 0.0519
KCl1 6.7547

(Source: PURAM)

The hardened cementitious samples were generally studied in cylindrical sample
form by NMR in a water saturated state. For the SEM, low temperature nitrogen
adsorption, MIP measurement, and for comparative NMR measurements, the
cylindrical samples were crushed and powdered.

Ca- and Na-bentonite were used without any pretreatment, as received. For the
NMR measurements, deionized water was added to the powdered samples.

From the two borehole samples of Boda Claystone Formation (BCF) cylinders (d
~ 7 mm) were drilled out using a rose-drill under water cooling. The core samples
(BCF1 and BCF2) were examined in cylindrical monolith, powdered, and crushed
forms, among which the monolith forms were the most promising. To mimic the pore
liquid of BCF, a model solution was prepared according to Table 3. The pH of the
solution was adjusted with sulfuric acid to the desired value of 8.1, which contributed
to the sulfate concentration. For the dry tests, the samples were dried in air for several
days and then in an oven at 378 K for 2 days. For the measurements in saturated state,
the samples were immersed and soaked in the prepared model solution for 3 days,
then vacuum was used to reach full saturation.

Table 3.: Composition of the model solution used to saturate the tested BAF samples.

Components | HCO; | COs> | SO4* | Cl" | POg* | Ca’"| K |Mg*| Na*

Concentration
(mg/dm?)
(Source: PURAM)

717 <3 150 | 14 | 0.13 | 83 | 457 | 29 | 254
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4.3. Structural characterization

4.3.1. 1D NMR Relaxometry

During the 1D NMR relaxometry measurements, the 7% relaxation decays of water
confined in the porous materials were recorded on a 20 MHz NMR instrument
(Minispec mq20, Bruker, Germany) at room temperature (298 K) using the CPMG
(Carr-Purcell-Meiboom-Gill) pulse sequence.''® The specimens were placed into 10
mm wide glass NMR tubes. The 90° pulse length was optimized for the samples and
varied between 1.8- 2.2 us with 3dB pulse attenuation. The echo time was set to the
lowest possible value of our device (f.c,= 0.08 ms) for each experiment to detect as
much as possible of the fast-relaxing components. The number of echoes (72¢ch0) Were
adjusted to reach the complete attenuation of the relaxation processes. The relaxation
delay (Rs) was optimized for the samples, according to the 7 relaxation times
determined using the inversion—recovery method, to detect all water domains in the
samples. The receiver gain (rg) and the number of scans (ns) were adjusted to the
samples to maximize the signal-noise ratio. These values are listed below for each
sample type. The obtained exponential curves were inverse Laplace transformed (ILT)
in the MERA (Multi Exponential Relaxation Analysis) program running under Matlab
software.!!! This data evaluation method results in a 7> distribution with the most
characteristic relaxation times in the maxima. The presence of 4-5 relaxation domains
in the 7> time distributions was quite reliable and reproducible. These values were
further confirmed by multi-exponential fitting based on the least squares’ method with
the OriginPro © program. Since this evaluation method is not sensitive to merged
peaks and 7, relaxation domains with low intensities, usually ILT was applied.
However, ILT sometimes tends to add irrelevant relaxation domains to the initial and
final part of the 7> distribution curves, which was handled thoughtfully, by carrying
out the transformation at several fitting parameters, and by applying the same
parameter set for comparative distributions.

° The hardened Portland cement pastes with varying w/c ratios were studied in
a fully water saturated state (R;= 0.5 s, rg = 70 dB, ns= 128) to see the effect of the
w/c ratio on the porous structure of cement. Among the samples, hardened cement
paste with w/c=0.5 was investigated in more detail. It was measured in water saturated
(R~ 10 s, rg =73 dB, ns=32), quasi-dry (air-dry, R~ 10 s, rg = 79 dB, ns=32), and
oven-dried (R~ 10 s, rg = 91 dB, ns=32) states to study the effect of drying on the
porous structure of cement. The cement samples were parallelly studied in cylindrical
monolith, crushed, and powdered forms. For the comparison of the water content of
the samples, the measured signal intensities were adjusted regarding the receiver gains
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and were converted to weight values using a calibration curve. For calibration, the
proton signal intensities of the increasing amount of water were measured with similar
settings (see in Figure 5).

The porosity (¢) of the cement samples was deduced from the volume of the pores
filled with water within the cement (¥}, considering the density of water at 298 K) and
the volume of the cylindrical monolith (V7):

v,
)
=5 (10)
The T, distribution curves were numerically integrated with the OriginPro®
software to obtain cumulative curves, the maximum value of the relative scale of

which was adjusted to the porosity.
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Figure 5.: Water calibration curve: the correlation between the proton signal intensity and the
added water amount (R;= 10 s, rg= 79 dB, ns=32).

° The curing process of Portland cement and the pozzolan composites (see in
Table 1) was in-situ followed by NMR relaxometry. After the dry materials (cement/+
metakaolin/ +fly ash) were mixed with water, the paste was immediately poured into
an NMR tube (10 mm). The 7> relaxation decays were recorded at room temperature
(298 K) for 48 hours (Ri= 5 s, rg = 61- 67dB, ns=16).

° To study the porous structure of the pozzolan composites (Mc10-30, Fc10-
30, see in Table 1), the hardened cylindrical samples were soaked in deionized water
for several days. After removing the samples from water, the remaining water droplets
were wiped off from their surface, to detect only the water in the pore structure. The
T’ relaxation decay of the cement samples was measured as described above.

. For the pore structure characterization of the complexing agent containing
model cemented waste packages, the cylindrical samples were soaked in deionized
water (MilliQ) right before the measurement and were degassed using vacuum. This
aimed to avoid the leaching of the introduced components and the structural changes
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due to the possible dissolution of precipitated constituents, which could happen during
a longer soaking time. The 7 relaxation decay of the samples was measured with R=
5's,rg =73 dB, ns=64. For testing the long-term effect of the waste storage conditions,
the cylindrical model waste packages were placed in the western ditch of the NRWR
with the permission of PURAM. Their structural change was followed for 10 months
by NMR relaxometry (R;= 5 s, rg = 74 dB, ns=32).

° To identify the water types, present in the layered structure of Na- and Ca-
bentonite at different water saturated states, samples with various water content were
prepared 3-4 months in advance before the NMR relaxometry measurement to reach
the equilibrium swollen state of the samples. The water content of Ca-bentonite
samples varied between 1.5-2 g/g, while it increased from 2.5g/g to 8.5 g/g for the
Na-bentonite sample. The suspensions were homogenized by mixing and the 7
relaxation of the confined water was measured using the following settings: R;= 1 s,
rg =58 dB, ns=32.

J To study the swelling behavior of Na- and Ca-bentonite, the dry powders were
mixed with water directly before the measurements. The water content was 8.5 g/g
for Na-bentonite and 2.2 g/g for Ca-bentonite. The swelling process was followed in-
situ by repetitive CPMG measurements with similar settings for 48 hours.

. The two borehole samples of the Boda Claystone Formation (BCF) were
studied in water saturated (model solution) and oven-dried states by NMR
relaxometry to determine the so-called Tc...-op value of the bound water content within
the samples. The cylindrical samples were placed in a 10 mm glass NMR tube, and
the relaxation process of water was followed (R/~= 10 s, rg = 59- 95 dB, ns=512). Due
to the low water content of the samples, the decay curves of the samples were
corrected with the NMR signal measured in an empty glass tube. The porosity of the
borehole samples was determined by water calibration as was detailed in case of pure
cement. To gain the Tacuoy value, the 7> distribution curves were integrated, resulting
in the cumulative curves of the samples in different states. The intersection points of
the line drawn to the saturation value of the cumulative curves in the dry state and the
cumulative curve belonging to the saturated sample gave the Toeuoy value.!?

4.3.2. 2D NMR Relaxometry- T;-T: correlation

For the 7;-T> NMR correlation relaxometry measurements the following hardened
cylindrical cement samples were selected: pure Portland cement, the 20 m/m%
pozzolan containing composites (Mc20 and Fc20), and the 5g/1 and 20g/l complexing
agent containing model waste packages.
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The samples were soaked in deionized water (MilliQ) and measured on a 20 MHz
NMR instrument (Minispec mq20, Bruker, Germany). The pulse sequence for this
measurement was a modified IR (inversion- recovery) sequence, including a CPMG
sequence after the 180° inverting pulse and inversion time (#;). This way, the
transverse (7>) relaxation times were measured simultaneously, encoded into the
longitudinal (7;) relaxation measurement.> The correlation measurements were
carried out in two steps to cover the entire relaxation time range: first to follow the
fast-relaxing components the inversion time (#;) in the T; measurement was varied
between 0.05 ms and 50 ms, with an increment of 0.1 ms, to follow the relaxation in
longer time range, ¢; was increased in 10 ms steps between 0.05 ms and 1000 ms. The
parameters of the CPMG measurement were set similarly to 1D NMR relaxometry.
This way, two 2D experimental datasets were obtained, which were merged. The two-
dimensional Laplace invert of the merged 2D data matrix resulted in a 7/—1>
correlation map, containing information about the correlation of the relaxation times.
The Upen2DTool program, under MATLAB®, was used for the evaluation of the 2D

data matrix.'"?

4.3.3. Fast Field Cycling NMR Relaxometry (FFC NMR)

The FFC NMR measurements were carried out at the Technical University of Cluj-
Napoca within the framework of a collaboration with Prof. Dr. loan Ardelean. The
first 5 hours of the early hydration process of pure Portland cement, Mc20 and Fc20
pastes were followed by measuring the frequency dependence of the longitudinal
relaxation (7;) time of water confined in the cement pastes. The samples were
prepared in situ before the measurement, and were kept at 298 K. The measurements
were performed with the fast field cycling technique using a FFC instrument
(SMARtracer, Stelar SRL, Italy). The measuring concept of this technique is that the
polarization and detection of nuclear spins take place at higher fields while the
relaxation process happens at lower fields, which increases the sensitivity of detection.
The longitudinal relaxation (77) measurements were carried out at different Larmor
frequencies (10 kHz—10 MHz). One measurement consisted of the following three
steps: a) polarization of the sample at higher field B, for a duration #, until it reaches
saturation, b) relaxation of the nuclear spins over the relaxation time ¢ at lower
magnetic field (B,), c) detection of the remaining relaxation process of the spins at
higher detection field (B4) by a 90°RF pulse. This measurement process was carried
out eight times during the early hydration of the cementitious materials. The 3TM
software package provided by Kogon and Faux was used for the evolution of the
resulting dispersion curves.
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4.3.4. NMR Diffusometry

The self-diffusion of water can be measured by DOSY NMR with a stimulated
spin echo sequence using gradient pulses or by H,O-D,O exchange diffusion
techniques.

. The high-field DOSY NMR measurement could be carried out only on the
fully swollen Na-bentonite sample (8.5 g/g). The suspension was placed in a 5 mm
glass NMR tube. The self-diffusion of water was studied at 298 K, on a Bruker Avance
II 500 NMR spectrometer, using stimulated spin echo pulse sequence containing
bipolar gradient pulses (BIPLED) to decrease eddy currents.!% The diffusion time (4)
varied between 10- 70 ms, while the length of the gradient pulse (J) was 2 ms. In one
experiment, all parameters were kept constant except for the pulse gradient strength
(G), which was increased in 32 square distant steps from 0 to 33 G/cm. The gradient
was calibrated for HDO.!'* The spectra were transformed with MestReNova 9.0
software. The diffusion coefficients were determined from the fittings of the obtained
echo intensity () as a function of (y262G2(A — §/3)) according to Equation 9.

o The diffusion of water in the following samples was followed by H,O-D,O
exchange diffusion: pure Portland cement, the pozzolan containing composites
(Mc10-30 and Fc10-30), the 5g/1 and 20g/1 complexing agent containing model waste
packages and one borehole samples (BCF2). These samples were not suitable for the
DOSY NMR measurements, due to their high magnetic impurity and fast- relaxing
bound water content. In this case, strictly cylindrical sample geometry was essential,
thus hardened cylindric cementitious samples and the cylindrical drilled BCF2 sample
of 15 mm length and 7 mm diameter were used. The cementitious cylinders were
saturated with deionized water, while the BCF2 sample was saturated with a model
solution (see in Table 3). Afterwards, the H>O saturated samples were placed at least
tenfold (o = 10) excess of D,O immediately before the measurement, the pD of which
was previously adjusted to the pH of the soaking water (pD~10-13, depending on the
sample), using a concentrated NaOD solution. The NMR measurement was performed
on a 20 MHz NMR instrument (Minispec mq20, Bruker, Germany) at room
temperature (298 K). The intensity change of water protons within the sample was
recorded as a function of time by FID sequence (R~ 0.5 s, ns=512). The application
of such low R; was necessary to detect mainly the water inside the cement matrix and
reduce the signal of the external liquid, which was around 18%. The exchange process
was followed every 5 minutes for 4-7 days depending on the sample. The resulting
intensity values were corrected, normalized, and the time dependence of the values
were fitted with the mathematical model derived by J. Crank.!'!
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4.3.5. NMR Cryoporometry

The pore structure of the crushed Portland cement (w/c= 0.48) was studied by
NMR cryoporometry using cyclohexane as a test liquid. The sample was prepared 3
days before the measurement in a 5 mm glass NMR tube. The cryoporometry
measurements were performed on a Bruker Avance II 360 MHz NMR instrument with
a QNP direct probe. The probe-head was cooled with dried air by a BCU-05 cooling
unit. A spin-echo sequence was used for the measurement with an echo time of 8-10
ms, to eliminate the broad signal of the frozen liquid. Temperature was calibrated
according to the temperature-dependent chemical shifts of neat methanol.!'® The
frozen sample was melted and frozen in several steps in the temperature range 276-
280 K. The proton spectrum of the molten liquid was recorded at each temperature
and was transformed with MestreNova9.0 software. The system-specific freezing and
melting curves resulted from the change of the integrated intensity changes of the
proton signals as a function of temperature, from which the pore sizes were calculated
using Equation 8.'%! The pore size distribution was obtained by numerical derivation.

4.3.6. Scanning electron microscopic imagining (SEM)

The SEM measurements were carried out at the HUN-REN Institute for Nuclear
Research within the framework of a collaboration with Dr. Attila Csik. The surface
morphology of pure Portland cement, the pozzolan composites (Mc10-30, Fc10-30)
and the complexing agent containing model waste packages (0-20 g/l) was
characterized by a dual beam scanning electron microscope type Thermo Fisher
Scientific-Scios 2 (FIB-SEM, Waltham, MA, USA), equipped with Bruker Quantax
Energy Dispersive X-ray system (EDS) for composition analysis. The microscope
operated at low accelerating voltage (~5 keV) and current (~0.1 nA) to avoid the
charge accumulation. Applying such low energy allowed the investigation of the
surface morphology of insulating samples without coating them with a gold layer.

4.3.7. Low temperature nitrogen adsorption

The micro- and mesoporous structure of pure Portland cement and the pozzolan
composites (Mc10-30, Fc10-30) were studied by low temperature nitrogen adsorption
within the framework of a collaboration with Prof. Dr. Krisztina Laszl6 from the
Budapest University of Technology and Economics. The powdered samples were
evacuated at 383 K for 24 hours before the measurement. The nitrogen adsorption
isotherms were recorded by a NOVA 2000 (Quantachrome) automatic analyzer at 77
K. The primary adsorption data was evaluated by the Quantachrome software
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ASiQwin version 3.0 and the apparent specific area, the pore size distribution and the
pore volume of the cementitious samples were determined.

4.3.8. Mercury Intrusion Porosimetry (MIP)

The porous structure of pure Portland cement was studied by mercury intrusion
porosimetry within the framework of a collaboration with Dr. Cedric Gommes and
Dr. Léonard Alexandre from the University of Liege. The experiments were
performed on a sample with cylindrical geometry with height of ~1-1.5 cm and
diameter of ~ 0.6 cm. The cement sample was previously vacuum-dried, then
measured with Quantachrome Poremaster 60 in a pressure range of 0.009 MPa — 400
MPa (the examined size range was ~160 um — 3.6 nm). Calibrated penetrometers were
used for the porosity measurements, which allowed the calculation of the apparent
volume and density of cement. The size distribution of pure cement was calculated
using the Washburn equation (Equation 4), with the assumptions of connected,
cylindrical pores.

4.4. Leaching studies
4.4.1. Accelerated Leaching Test

The leaching tests of the complexing agent containing model waste packages were
performed in accordance with the standard accelerated leaching test method (ASTM
C 1308-08)!'” developed for diffusive emissions from solidified wastes, with the goal
of following the diffusion of selected ions from the complexing agent containing
model waste packages. Pure Portland cement was used for comparison and as
background. The hardened cement specimens were soaked in the amount of distilled
water (Vieachan=10*Agpecimen) specified in the standard for 11 days. The leaching
experiment was carried out in a thermostatic cabinet with precisely set and controlled
humidity and temperature values (7~ 298 K). The leachant was replaced after 2, 5, 17,
24, 48,72, 96, 120, 144, 168, 192, 216, 240, 264 hours.

4.4.2. Inductively coupled plasma mass spectrometry (ICP-MS)

Among the introduced model ions, the release of '33Cs, ®Ni and '®Re was
investigated. The quantitative determination of the dissolved model ions was
performed by inductively coupled plasma mass spectrometry at Isotoptech Ltd. A
portion of the leachates was taken for elemental analysis and preserved with HNOs.
Before the elemental analysis, the solutions were filtered through a 0.45 pm cellulose
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acetate filter membrane. The amount of leached '*3Cs, °*Ni and '*°Re was determined
using an Agilent 7500 ICP-MS instrument. As an internal standard, 200 pg/l In
solution was used, which was mixed on-line with the sample before nebulization. The
following ions were detected: ®°Ni*, 1*3Cs", '8Re*. The measured intensities were
corrected with the inner standard and the values for pure Portland cement (without
additives). Knowing the amount of model ions introduced during sample preparation,
the incremental (/FL) and cumulative (CFL) leached fractions were determined as a
function of the concentration of the complexing agents. The effective diffusion
coefficients of the model ions were calculated according to the ASTM C 1308-08
standard''” by fitting the leaching curves with the least squares method using
OriginPro © and Microsoft Excel Solver software.

4.4.3. High- field NMR

To qualitatively identify the dissolved organic content of the leachates, the model
waste package samples prepared with the two extreme values of the complexing agent
concentration range (5 g/l and 20 g/l) were soaked in excess distilled water (V' ~ 20
ml). The leachates were lyophilized, and the remaining solid was dissolved in D,O
and intruded into 5 mm glass NMR tubes. The 1D and 2D 'H and *C NMR
experiments were performed at 298 K on a Bruker DRX 400 NMR and a Bruker
Avance II 500 NMR spectrometer using standard pulse programs ('H, '*C, DOSY,
COSY, HSQC) provided with the spectrometer. The measured 1D and 2D spectra
were processed by MestreNova9.0 software.
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5. Results

5.1. Binders for radioactive waste immobilization

5.1.1. Portland cement
Effect of the water-cement ratio

Portland cement was invented more than 200 years ago, and since then it has been
an indispensable part of human life. ''® During this time, numerous research has been
conducted, highlighting that one of the most important factors influencing the
properties of cement is the water -cement ratio (w/c).* ''% 20 This parameter
represents the ratio of the weight of water to the weight of dry cement powder used
for mixing. As cement encounters water, hydration reactions occur, resulting in the
precipitation of the above-mentioned hydration products (see in the Introduction).
Based on Powers’ empirical model the added water is consumed (chemically bound
water in gel solid) or bound (physically bound water as gel water) by the precipitated
hydration products, and the remaining liquid increases the porosity of the hardened
cement (capillary water).?”> 3% 121-12 At the end of the hydration, the amount of
chemically and physically bound water is 0.23 g/g cement and 0.19 g/g cement,
respectively, based on Powers’ water vapor sorption measurements.’” 3% 122 Thus,
above w/c= 0.42 (0.23+0.19), the cement hydration process can be considered
unimpeded and complete.'” In practice, usually w/c= 0.3 - 0.7 ratios are used
depending on the composition of the solid phase.?®- 7! 120- 121

The effect of the w/c ratio on the Portland cement used for the experiments in my
research was also investigated by NMR relaxometry.”" 8- 12* Figure 6a shows the
resulted 7> transversal relaxation time constants of water confined in hardened cement
paste samples prepared with w/c= 0.40 — 0.60 ratios with 0.02 increments. Three water
domains can be distinguished with the applied short relaxation delay time: two of them
can be assigned to chemically bound in the gel solid (7. < 1 ms) and the third one to
the physically bound gel water (7> = 1.5 - 3.5 ms). With increasing water-cement
ratios, a plateau can be observed around w/c= 0.45-0.55, suggesting an optimal mixing
ratio for Porland cement. Similar increasing trends were found by Pop et al. in water
saturated grey cement and by Bede and Ardelean in cyclohexane saturated white
OPC.*” 12* From the obtained water-cement ratio range, w/c =0.5 was selected for
preparing further cement samples.

Based on Powers’ empirical model, the phase distribution of a Portland cement
paste with w/c =0.5 was estimated over the hydration process and is shown in Figure
6b. The relative volume fractions of the phases (V;) were calculated based on the work
of Jensen and Hansen, knowing the density of cement (p.= 3150 kg/m?) and water
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(pw= 1000 kg/m®), and their mixing ratio (w/c).'*? The model concludes the volume
fractions at complete hydration (o = 1) as follows: 0.59 for gel solid, 0.23 for gel
water, 0.10 for the capillary water, and 0.08 for the pores formed due to the chemical
shrinkage.
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Figure 6. a) Effect of the water- cement ratio on the transversal relaxation of water confined
in the CSH gel. (Rs = 0.5 s) Different colors indicate water chemically bound in gel solid (72,
green, diamond and 7>, black, triangle) and physically bound in gel water (725, grey, circle).
b) The phase distribution of hardening Portland cement pastes with w/c = 0.5 according to the
Powers’ empirical model.

Considering the amount of chemically and physically bound water in the gel phase
(0.23 g/g cement and 0.19 g/g cement respectively), the relative ratio of them can be
calculated. Using this ratio, the volume fraction of the chemically bound water can be
specified within the gel solid phase. Therefore, the hardened Portland cement consists
of 59% gel (31% solid and 28% chemically bound water), 23% gel water, 10%
capillary water, and 8% water filling larger spaces.

Porous structure of Portland cement

Several models exist describing the porous structure of the main cement hydrate
phase, the CSH gel.***¢ The most used one for the interpretation of NMR relaxometry
results is the continuous model by Feldman and Sereda.? 3% 6% 125126 According to this
model the CSH gel is a disordered, continuous assembly of highly defective CSH
sheets and four pore types can be distinguished within the solid matrix: intra CSH
sheet pores (d = 0.5-1.8 nm), inter CSH gel pores (d = 2-10 nm), capillary pores (d =
20/50 nm-600 nm) and air pores (um to mm size).>® % A schematic representation
of the porous structure of hardened cement paste is shown in Figure 7.
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The water types determined by the Powers’ model may be assigned to the listed
pore types as: gel water may fill the intra CSH sheet pores and inter CSH gel pores,
while the other two may fill the larger capillary and air pores. With this assignment,
we can compare the pore ratios obtained from NMR relaxometry measurements with
the calculated values. With the application of NMR relaxometry one can gain insight
into the pore structure of a hardened cement binder, since the 7> transverse relaxation
time of water is highly sensitive to molecular motions and thus to the size of the
confining space on nanometer-scale.”” This enables the calculation of the size of the

water saturated pores according to Equation 7.7% 7% 80 82.83

Capillary pores
(d=20 /50 nm- 600 nm)

Cement grain
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Figure 7. Schematic representation of the porous structure of cement

One of the most critical parts of obtaining pore sizes from relaxation times is the
lack of knowledge of an exact surface relaxivity parameter, which reflects the
strengths of the interactions between the pore surfaces and the mobile nuclear spins.’
8 Commonly two methods are used for the determination of surface relaxivity: one is
by calculating ¢ according to Equation 7 from independently measured S/V ratios,
resulting from mercury porosimetry or nitrogen adsorption.®> 12712 The other is by
drying the cement sample to monolayer coverage and measuring the 7> relaxation time
of the remaining water.®® 3% 13! Then & can be calculated knowing the thickness of one
water molecule (A = 0.28 nm)®¢:

A

§= (11)

TZS

where T is the measured transversal relaxation time constant of monolayer water.*
82.83 Since cement is a heterogenous matrix, the determination of an exact value may
be complicated by the presence of numerous inorganic phases. Dalas et al. determined
the surface relaxivity of cement hydrates and found that the & of ettringite was
remarkably high (~ 26—52 nm/ms) compared to other phases, while £~ 2.2—6.9 nm/ms
values were found for CSH gel.!*® Bryar et al. suggested that in heterogenous
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multicomponent systems, such as cement, the observable surface relaxivity is the
weighted average of the inherent relaxivities of the individual components. 3! 132 In
the literature, we can find values for the surface relaxivity of cement that range within
wide limits: 3.73 nm/ms® has been found for white Portland cement stone, 1.88
nm/ms'* for white cement mortar, while 1 nm/ms!'® for mortar. For the estimation of
the pore size distribution of our hardened Portland cement paste, & = 1.88 nm/ms!'3?
was used in the calculations, with the assumption of planar pores (S/V= 2/d), where d
means the thickness between the planar pores. 3!

In this Section the T, relaxation time constants of the specimen are converted to
pore size values to compare different structural characterization techniques. Figure
8a shows the pore size distribution curve of the hardened Portland cement paste,
where five different relaxation domains can be separated and assigned to the related
pore types as follows: intra CSH sheet pores (d < 2 nm), inter CSH gel pores (2 nm <
d < 20 nm) and capillary pores (20 nm < d). Since the peak intensities of the
distribution are proportional to the water amount of the given type, the quantitative
contributions of the pores to the solid matrix can be obtained. By careful calibration
(see in Figure 5) the areas under the peaks can be matched to the exact amount of
water confined in given pores. Thus, the porosity of the examined cement sample was
¢ = 0.35. Dividing the porosity among the pore types, and calculating the volume
fraction of the solid, the following volume ratios were obtained: the studied hardened
Portland cement consisted of 65% solid gel, 17% intra CSH sheet pores, 14% inter
CSH gel pores, 4% capillary and air pores. NMR relaxometry is less sensitive to larger
capillary pores (d > 0.1 pum), since the saturation of these pores is difficult to
implement and the effect of the pore walls is less dominant.”! Thus, NMR relaxometry
underestimates the presence of larger pores. Comparing the ratio of intra CSH sheet
and inter CSH gel pores resulted from NMR relaxometry (0.17 /0.14 ~ 1.2) with the
one calculated based on Powers’ model (0.55 /0.45 ~ 1.2), the proportion of them are
identical, confirming the identification of the pores by NMR.

Although NMR relaxometry may not be the most suitable method to characterize
macropores, there is an alternative NMR technique sensitive to larger pores (up to

several hundred nm) called NMR cryoporometry. % 192

As it was discussed earlier,
the method is based on the fact that confinements with various geometries and sizes
differently affect the freezing—melting process of the filling liquid. The hardened
Portland cement paste was saturated with cyclohexane, a non-polar liquid, and the
signal intensity of the proton spectra of the molten liquid was recorded between 276
— 280 K. The resulting melting and freezing curves are shown in Figure 8b with
different colors. The lack of melting-point depression suggested slit-like pore

geometry, as expected based on the models describing the structure of cement.**
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Figure 8. a) The pore size distribution (black) and cumulative pore volume distribution (green)
curves of Portland cement (w/c=0.5) from NMR relaxometry. The intervals with different
colors indicate the assignment of the relaxation domains to pore types: intra CSH sheet pores
(blue), inter CSH gel pores (gray), and capillary pores (no color). b) Melting (orange) and
freezing (green) curves of Portland cement (w/c=0.48) and the calculated pore size distribution
curve (inset). The dashed line stands for the bulk transition temperature of cyclohexane (7p).

The size of the pores (d= 2r,) was calculated according to Equation 8 (K. = 96
nm K for cyclohexane!?!), where n= 1 was used because of the slit-like geometry.!%
The calculated pore size distribution is shown as an inset in Figure 8b and reveals a
wide range of pore sizes with a maximum around d~ 800 nm. These pores may be
attributed to the larger capillary pores or air pores less visible with NMR relaxometry.
Here, it is important to highlight that the calculated pore sizes are close to the upper
detection limit of NMR cryoporometry; however, the presence of freezing-point
depression confirms the applicability of the method for cement characterization. The
examination of smaller pores (d >2nm) may be possible with this technique; however,
the short relaxation time of water in the CSH gel hinders their detection.

To support these NMR results, other conventional characterization techniques
were used to study the structure of hardened Portland cement paste in the framework
of collaborations. The mercury intrusion porosimetry (MIP) measurement was carried
out on a similar cement sample. MIP is a well-established method of pore size and
volume determination, where the applied intrusion pressure of mercury is inversely
proportional to the pore size.*® 3 13% However, the accuracy of MIP data is
controversial for cementitious materials because of the possible microstructural
damages of the samples during the pretreatment (drying) and during the measurement
due to the applied pressure.!*> Also, when interpreting the results, we must consider
that the method provides information about a simplified system (containing pores with
continuous cylindrical geometry). 13> 13¢ With these considerations, we can use this
method to supplement NMR results. The resulting intrusion curve (intruded volume -
pressure) of the cement sample was converted to a cumulative pore volume
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distribution curve according to the Washburn equation (Equation 4), which curve is
shown in Figure 9 (with green color), The maximum of this curve indicates the
volume of pores accessible for mercury (~ 0.22 ¢cm?/g). By converting the mercury
intrusion curve to logarithmic differential pore volume curves, the pore size
distribution (Figure 9, black curve) of cement was obtained.
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Figure 9. The pore size distribution (black) and cumulative pore volume distribution (green)
curves of Portland cement (w/c=0.52) from mercury intrusion porosimetry.

With the MIP method, the size of large capillary pores, air pores, and microcracks
of several hundred nanometers can be determined with great certainty. The few
nanometer-sized pores in the CSH gel, which largely contribute to the pore structure
of cement, are less visible with this technique.® In the hardened Portland cement paste
mainly the d; ~ 160 £ 100 nm and d> ~ 1350 = 530 nm sized pores dominate the
macroporous structure. The size of the small capillary pores is well comparable with
the one calculated from the 73 relaxation time distribution curve. Although the two
methods calculate the pore size based on different geometries, the obtained results
nicely complement each other.

The other frequently used porosimetry technique is the low temperature nitrogen
adsorption, which was also used for the pore structure characterization of Portland
cement. In contrast with MIP, nitrogen adsorption is sensitive to the micro- and
mesostructure (d <2- 50 nm) of a solid material.>> *° The resulted N, sorption isotherm
is shown in Figure 10a, and according to IUPAC, it can be categorized as /Va — 11
transition type with an H3-like hysteresis loop.>* Materials that have predominantly
micro- and mesopores beside macropores fall into this category.>® !*” The H3-like
hysteresis loop refers to a porous structure consisting of non-rigid aggregates of plate-
like particles (e.g., certain clays), or to the presence of incompletely filled

macropores.>*
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Figure 10. a) Low temperature adsorption isotherm of Portland cement (w/c= 0.5). b) The
derived cumulative pore volume (green) and pore size distributions (black) of Portland cement.

The pore volume (Vo.05 = 0.057 cm?®/g) of the cement sample was estimated from
the isotherm at p/py = 0.95, with the assumption of the pores being saturated with
nitrogen. The micropore volume (Vo = 0.0081 cm?/g) was determined from the
Dubinin—Radushkevich (DR) plot of the adsorption curve.'*® The difference between
the two volumes (V.95— Viicro) Was the volume of the mesopores (Vieso = 0.049 cm?/g).
The size distribution (see in Figure 10b) of the mesopores was also obtained from the
adsorption branch using the Barrett, Joyner, and Halenda (BJH) model.'** The
resulting pore size distribution is wide over the examined size range, with a maximum
of around 7 nm. This pore size value is in good agreement with the size of the inter
CSH gel pores found by NMR relaxometry. The last parameter derived from the
adsorption isotherm is the apparent surface area (Sger = 23 m?%/g) of pores in the
cement specimen, which was calculated using the Brunauer—-Emmett-Teller (BET)
model.!*” This apparent surface area is slightly lower than the ones found in literature
for hardened cement pastes (Sger > 50 m?%/g).® ! This may be attributed to the
presence of porous regions being inaccessible for gas, like narrow pore entrances,
closed pores formed due to the thermal damage of the hydration products or water-
filled pores.'4!- 142

To compare the presented structural characterization methods, the resulting pore
size distributions are summarized in Figure 11. The combination of these methods
allows the determination of the pore sizes in cement in the full range of sizes.
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Figure 11. Comparison of pore size distributions of Portland cement resulted from different
characterization methods. The intervals with different colors indicate the different pore types
in cement: intra CSH sheet pores (blue), inter CSH gel pores (gray) and capillary pores (no
color).

It is clearly visible that NMR cryoporometry and MIP mainly give information
about the macroporous structure (capillary and air pores), while NMR relaxometry
and nitrogen adsorption shed light on the meso- and microstructure of cement (pores
in the CSH gel). Furthermore, NMR relaxometry may detect closed, small water filled
pores (e.g. intra CSH sheet pores), which are not “seen” by the other techniques.

It is important to note that NMR relaxometry is less sensitive to larger pores,
underestimating their presence and without an exact surface relaxivity value, the pore
sizes are well approximated estimates. However, with these considerations it is a well
applicable technique for the comprehensive characterization of the micro- and
mesostructure of the main hydrate phase, the CSH gel.

Effect of the sample form

During my PhD research, I used low-field NMR techniques, mainly NMR
relaxometry, to study the structure of cementitious materials. In the following, it is
shown how the pretreatment of the sample influences the relaxometric results, thereby
defining an appropriate sample preparation procedure for further studies. First, the
pore structure of three hardened cement pastes with different forms (cylindrical,
crushed, and pulverized) were tested, and the effect of the sample form was
investigated. The samples were fully saturated with water to make the pores “visible”™;
the resulting pore size distributions are shown in Figure 12. The sample preparation
did not affect significantly the bound water in the intra CSH sheet pores (1 peak), but
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the ratio of the second and third peaks, which can be assigned to the mobile water in
the intra CSH sheet pores (2™ peak) and inter CSH gel pores (3™ peak). Pulverization
decreased the contribution of the gel pores as well as affected the macropores, while
crushing mainly changed the larger capillary and air pores. Based on this, we found
the cylindrical sample shape to be the most reliable and reproducible, thus this type
of sample was used in the research, as also recommended by McDonald et al.”!
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Figure 12. Comparison of pore size distributions of Portland cement with different sample
forms: cylindrical, crushed and pulverized.

Water content of cement

After that, the sensitivity of the method was further tested by following the drying
induced changes within the cylindrical cement sample. These tests were not only
useful from the point of view of examining the applicability of the method but also
shed light on the structure-forming effect of drying, the external effect that occurs
during the application of the binder. This provided a good basis for interpreting the
studies under real conditions.

Cement as a colloid system is sensitive to drying, which may result in the
irreversible and reversible shrinkage of the solid matrix.** 4314 Drying shrinkage
refers to shrinkage of cement caused by moisture loss, which can lead to formation of
cracks due to the induced tensile stresses at the surface and compressive stresses in
the bulk.'”® Drying shrinkage is not the only type of shrinkage that cement can go
through (e.g. thermal, autogenous, chemical or carbonation shrinkage), but here this
phenomenon is investigated.'* Since the specific surface area of OPC is relatively
high (S~ 80-280 m?/g), the shrinkage of cement is highly influenced by surface effects,
like the capillary effect, surface adsorption, Bangham effect, or the disjoining pressure
effects.!* Also, the presence of osmotic pressure should not be neglected, since the
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pore solution contains ions as well.!*3 As these phenomena appear upon drying, the
structure of the hydration products slightly changes. The microstructure of the CSH
gel is particularly sensitive to the relative humidity and can evolve after long-term
drying.'*-14* NMR relaxometry is an outstanding method to study the microstructural
changes of CSH over drying. % 144, 149-152

The cement samples were studied in water saturated, quasi- and oven-dried states.
Figure 13a shows the proton signal intensity decay during the relaxation
measurement of the three specimens. The initial signal intensity indicated the different
water contents of the samples, which were quantified by calibration (see in Figure 5),
as discussed above. The inverse Laplace transform of the decay curve resulted in the
pore size distributions of the cement (see in Figure 13b) after converting the 7>
relaxation time constants to size values (Equation 7). The water loss due to drying is
observable both on the size distribution curves and on the cumulative pore volume
distributions (see in Figure 13c) obtained from the integral of the size distributions
weighted by water content.
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Figure 13. a) Primary data resulted from NMR relaxometry: water signal intensity as a
function of the applied echo time. b) Pore size distributions and ¢) cumulative pore volume
distributions of cylindrical Portland cement at various levels of water saturation.
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Comparing the size distribution curves of cement in various conditions (see in
Figure 13b), it is visible that the area of the peaks significantly decreased with drying.
In addition, the first peak assigned to the CSH sheet pores shifted slightly to smaller
size values, indicating the possible shrinkage of the CSH gel. Contrary the second
peak shifted to larger size values (form ~ 2 nm to 5 nm). Similar trends were observed
by Igami et al. and Gajewicz et al., who explained it with the re-arrangement of the
nano-scale porosity between fine and coarser spaces in cement gel over drying. !4 14
The changes of the first peak may also be assigned to the shrinkage of the CSH gel
according to Maillet et al., who summarized the possible alterations of the relaxation
domains in porous materials.'*® The remaining water signal in larger pores may be
owned to water in closed pores, inclusions.

Overall, we also confirmed that NMR relaxometry is a sufficiently sensitive
method to test the drying induced changes of cement, thus the structure of the binder
in real condition can be monitored with it. The investigation of the effect of drying
was not only suitable for testing the sensitivity of the method but also showed the
structural influencing effects that may be introduced by the sample preparation of
other characterization methods, which should also be considered when interpreting
the results together.

5.1.2. Pozzolanic effect of metakaolin and fly ash

When conditioning radioactive waste, enhancing the sorption properties of binders
is essential. This can be accomplished through the use of various additives, such as
artificial silicates.” However, these additives can significantly affect the mineral
composition of the cement and, consequently, alter its pore structure, including the
size and distribution of the pores.

Degefa et al. investigated the impact of metakaolin and fly ash on the mineral
composition of cement using machine learning algorithms.!'>* Both additives are rich
in silicon and aluminum and can participate in pozzolanic reactions during Portland
cement hydration. The study found that metakaolin mainly increased the proportion
of CSH gel, whereas fly ash promoted the formation of aluminum-containing phases;
and both of them reduced the presence of portlandite and ettringite.!>* The addition of
such materials is advantageous for radioactive waste management, as they not only
increase the amount of sorbing phases but also reduce the permeability of the binder.
These properties are closely linked to the pore structure of the materials, which can
be effectively analyzed using conventional characterization techniques (e.g. N»
porosimetry, SEM) as well as with less common liquid- phase NMR (Nuclear
Magnetic Resonance) methods. > 60 62 63 66,135,156
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The aim of this chapter of my PhD research was to comprehensively describe the
effects of two pozzolanic materials - metakaolin and fly ash - and their concentrations
on the early hydration, structural development, and hardened pore structure of
Portland cement. A novel combination of the previously mentioned NMR methods,
scanning electron microscopy (SEM), and nitrogen porosimetry was employed. The
selected water-solid and additive ratios are considered suitable for current radioactive
waste management standards.'>” The early hydration processes in the pozzolan-
containing cement composites were monitored using low-field NMR relaxometry.
The pore structure of the hardened materials was investigated in both dry and wet
states: SEM imaging and nitrogen porosimetry were used for dry samples, while
various liquid-phase NMR techniques were applied to wet samples. Additionally, 2D
T)-T; correlation NMR relaxometry and H>O-D,0O exchange diffusion measurements
were performed to assess the permeability of the pore network. The overall goal was
to gain a detailed understanding of how these two pozzolans affect the composites'
pore structure and their interaction with water, which are essential factors in the long-
term safe disposal of radioactive waste.

Effect of pozzolans on the early hydration of cement by T> relaxation

When the dry cement clinker phases come into contact with water, a series of
complex chemical reactions occur, involving the partial or complete dissolution of the
clinker phases and the formation of new hydration products as described earlier in the
Literature overview.>* 3" Among the clinker phases, C;S, the main clinker phase
dominates the hydration process of Portland cement, which transforms into
amorphous CSH gel and crystalline portlandite during the process. ***! The hydration
process of CsS is typically divided into five well-defined stages: initial dissolution (/),
induction (I]), acceleration (II]), deceleration (/V), and slow hydration periods (¥).>*
62, 158-160 The precipitation of hydration products reduces the size of the water-filled
voids, thereby changing the confinement and mobility of water molecules, which can
be easily monitored by NMR relaxometry. 60 62 124 156, 161-163

The early hydration of pure Portland cement and six cement composites —
containing 10-30 w/w% metakaolin (Mc10-30) and fly ash (Fc10-30) — was
monitored by measuring the evolution of 7> relaxation of water over a two-day period
(see in Figure A1-2 in the Appendix). Figure 14 shows the obtained 7> values (a-c)
and corresponding amplitudes (d-f) over time for pure Portland cement paste, Mc10
and Fcl0 composites. Four water domains with diverse “mobility” could be
distinguished within the specimens. The fourth, less certain water domain (with 754
decreasing from 200 ms to 12 ms) contributes less than 1% and is not shown in Figure
10. This domain may be associated with large capillary pores. > °> The water domain
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with 75, = 8 - 1.5 ms is attributed to water that initially fills smaller capillary pores
and subsequently transforms into inter CSH gel pores as hydration progresses and
CSH gel precipitates. Water domains with shorter 7> relaxation times (75, ~ 0.10 -
0.13 ms and 7>,~2 ms - 0.5 ms) correspond to water filling intra CSH sheet pores of
varying sizes, with their associated signal amplitudes (4,.») increasing as the CSH gel
forms.

Comparing the relaxation times related to the intra CSH sheet pores in cement,
Mc10 and Fc10 (see in Figure 14), it is observable that the value of 7., does not
differ significantly, while their amplitudes (4..») are more prevalent in the case of
Fc10. The most notable change in 7> and amplitude during hydration takes place in
the third water domain, where the initial value of 7> is shorter for Fc10 (7%, = 6.4 ms),
than for pure cement (7. = 7.9 ms) or for Mc10 (7. = 8.9 ms). The evolution of this
relaxation domain over the hydration process is also more prolonged for the fly ash
containing sample compared to the others.

The change in the obtained 7> relaxation times can be divided into distinct sections,
that reflects the above-mentioned five stages (/-V) of the hydration process. In the first
several minutes (<15 min), the rapid dissolution the most reactive clinker phase (C3A)
takes place resulting the precipitation of ettringite, entailing the sudden reduction in
the size of the confinements and the dissolution of magnetic impurities. 3® 6% 6% 136
Parallelly, the hydration of C4AF occurs, increasing the concentration of paramagnetic
ions.*® These processes in the initial dissolution (I) period quickly and drastically
decrease the value of 7 and are difficult to follow by NMR.

After the fast dissolution of C3A and C4AF clinker phases, the hydration of cement
slows down and stagnates in the induction (II) period. Among the numerous theories
explaining this phenomenon, dissolution control and protective membrane models are
the most widespread ones.'” '®* The dissolution control theory assumes that the
supersaturation of the pore solution with calcium and silicate is necessary for the
formation of portlandite, which afterwards drives the precipitation of the CSH gel.®>
159160 The protective membrane model explains it by the formation of a coating layer
on the surface of the cement grains, which prolongs the supersaturation by hindering
the exchange of water between the gel and the bulk.' ' Since no noteworthy
structural changes occur in this period, the observed 7 relaxation times stagnate.

As the supersaturation of the pore solution is reached, the massive precipitation of
portlandite and CSH gel commences in the acceleration period (/I]). Also, the
formation of monosulfoaluminate from ettringite begins simultaneously.*® These
entail the size decrease of the confinements and affecting significantly the 7>
relaxation time, as well as the amplitudes of the most bound water domains in the
CSH gel (4., see in Figure 14d-f).
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Figure 14. T relaxation time constants over time for a) pure Portland cement, b) 10%
metakaolin and ¢) 10% fly ash containing composites during the hydration process. Water
domains in different confinements are color coded: intra CSH sheet (734, dark blue, diamond),
inter CSH gel (72, orange, triangle) and smaller capillary pores (7%, light blue, circle). The
five stages of the hydration process are indicated in Roman numerals. d-f) The amplitude
changes of the listed water domains over time, with the same color codes.

The process slows down in the following periods — in the deceleration (IV) and
slow hydration (V) periods — since the diffusion of water in the densifying matrix
becomes hindered.

Water is a reaction partner for cement during the hydration process, thus its amount
decreases over time, as is reflected by the change of the total amplitude of water (see
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in Figure 14d-f). With the addition of pozzolans, the hydration process may slightly
alter from pure Portland cement, because the active silica and alumina content of the
additives also participate in the chemical reactions. 56 164 165

For the comprehensive and insightful understanding of the effects of pozzolans on
the early hydration of cement, the amplitude weighted 7> relaxation times (T,) were

calculated based on '

_ i
T, = Mg (12)

where A; is the amplitude, 7> is the transverse relaxation time constant of the i-th

water domain (i=a-d) at ¢ hydration time. The decrease of T, over the early hydration

of pure Portland cement and the cement composites is shown in Figure 15, mainly

reflecting the change of 7.

The advantage of using T is, that the changes in the system during hydration are
better emphasized as weighting the relaxation times smooths the uncertainties
resulting from the Laplace inversion. Comparing the change of T, over time, for the
different cement specimens, the first notable difference between them is the initial
value of T,: the relaxation of water is outstandingly faster in the fly ash composites
(T, ~ 2.2 — 5.2 ms), compared to pure Portland cement (T, ~ 7.4 ms) and the
metakaolin containing ones (T, ~ 8.2 ms). Considering Equation 7 the enhanced
relaxation of water may be owned either to the smaller size of the confinement or to
the disparate surface properties of the solid (surface relaxivity — &). The surface
relaxivity of a solid may depend on a) the presence of magnetic susceptibility
variations or paramagnetic impurities in the material, and b) the wettability of the
surface, which influences fluid-solid interactions. The iron content of the solid is
considered as paramagnetic impurity due to the paramagnetic moment of Fe** ions.
The iron content of fly ash is higher compared to metakaolin, as the composition of
the additives suggests.

According to several studies, pozzolans act as chemically inert fillers during early
hydration and only affect the later stages through pozzolanic reactions.!s® 164 167
However, the second difference is how the pozzolans affect the speed of the process
and the length of each period. In the case of metakaolin, the difference is mostly found
in the deceleration (/V) period, where the moderate precipitation of CSH gel and
monosulfoaluminate occurs. Based on the calculations of Degefa et al., the excess
alumina and silica introduced by the pozzolans, partially incorporate into the CSH gel
and lead to the formation of CASH (calcium-alumino-silicate hydrate) gel alongside
the CSH gel in the hardened cement.!®* The formation of aluminate-containing
hydration products (such as monosulfoaluminate, hydrogarnet, hydrotalcite) is also
enhanced by the presence of pozzolans.'>* The rate of the declaration period, thus the
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speed of precipitation, highly depends on the concentration of metakaolin as the slope
of the curves suggests in Figure 15b. The other periods of the hydration of the
metakaolin composites are like those of pure cement (see in Figure 15a).

In contrast, the presence of fly ash influences the whole hydration process. This
additive prolonged the duration of the induction period (//) and decreased the speed
(slope) of the acceleration (/I]) and deceleration (/V) periods as shown in Figure 15c.
These deviations from pure cement become more noticeable with increasing fly ash
concentration.
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Figure 15. Change of the weighted 7> relaxation time (T, ) over the early hydration process
for a) pure Portland cement, b) 10 - 30% metakaolin containing and ¢) 10 - 30% fly ash
containing cement composites. The stages of cement hydration are marked according to pure
Portland cement.

Two pozzolans, with similar composition but different effects, what could be the
reason? It can be explained by their dissimilar pozzolanic activity.'®®
e Metakaolin is a synthetic, amorphous aluminosilicate having higher active, easily
releasable alumina and silica content, which may take place in the accelerated
formation of C(A)SH gel and other aluminum containing minor phases in the
presence of portlandite (Ca(OH)).!%” 917! Thereby, metakaolin is able to

participate in the initial periods of cement hydration and exerts its catalyzing
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effect, also confirmed by the higher cumulative heat evolution found in
isothermal calorimetry studies.!’> 173

e Fly ash also participates in the same reactions as metakaolin, only delayed; in the
initial stages it acts as an inert filler material.!>® '®* The lower initial reactivity of
fly ash may be owed to its higher inactive alumina and silica content, since it is
an industrial byproduct. ' ¢ 170 The hindered early hydration of the fly ash
composites can be explained by the filler or dilution effect, meaning that the
spherical fly ash particles as inert fillers may increase the apparent water-cement
ratio (by replacing cement) and may adsorb the dissolved ions (e.g. Ca*"),!156 165
170 These lead to the slower supersaturation of the pore solution and the hindered
precipitation of the hydration products. '3 165 170

e In addition to these, the available porosity of cements is another influencing
parameter regarding the pozzolanic activity of the additive.'*® Available porosity
refers to the porosity of cement, which can be filled with hydration products. '6®

This limiting factor may have a more crucial role in the case of fly ash compared

to metakaolin, since the later one exerts its pozzolanic effect during the initial

periods of the hydration. As the pozzolanic activity of fly ash takes effect in later

stages, the refining pores may restrain the growth of hydrates. '8

Effect of pozzolans on the early hydration of cement by FFC NMR

To better understand the effects of the pozzolans on the early hydration of cement
as well as to gain information about the surface evolution of the materials and the
dynamics of the confined water molecules, FFC NMR measurements were performed.
The first 5 hours (/-/II. periods) of the early hydration of Portland cement, Mc20 and
Fc20 samples were followed by recording the frequency dependent 7 (longitudinal)
relaxation of confined water molecules. Contrary to the CPMG measurement, which
is sensitive to the presence of numerous water types, the FFC NMR measurements
result in an average T; value. This 7} relaxation time is mainly dominated by the water
confined in capillary pores, likewise the presented weighted 7% values (see in Figure
15).5%% Figure 16 shows the T relaxation dispersion curves of the three samples over
the first 5 hours of the hydration process. Similar dispersion curves have been found
for gray cement in other studies as well. % %> %% % The above detailed diverse
pozzolanic properties of metakaolin and fly ash are also observable on the evolution
of the dispersion curves over time. The evolution of the curves is faster for Mc20 and
slower for Fc20 compared to Portland cement.

During the FFC NMR measurements, the 77 relaxation process is measured at
several Larmor frequencies (0.01 - 10 MHz), therefore it is sensitive to a wider range
of molecular mobilities compared to a single frequency.®® The resulting dispersion
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curves may be explained by employing theoretical models which can describe the
relaxation process and provide useful information about the nano-scale dynamics of
confined water molecules. One can find a variety of theoretical models in literature
describing the frequency dependence of 7;in a porous medium. These models can be
classified into two broad categories according to Faux et al.: the Korb models, which
assumes that the relaxation process is dominated by the presence of paramagnetic
impurities, and the bulk-mediated surface diffusion (BMSD) models, that suppose a

non-Fickian surface diffusion of water at pore surfaces.
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Figure 16. The T relaxation dispersion curves of a) Portland cement, b) 20% metakaolin and
¢) 20% fly ash containing cement composites over the early hydration process. The curves
show the progress of time from bottom to top.

In the present work we used the 3-Tau model created by Faux et al. and to our best
knowledge this is the first time to apply the 3-7Tau model to investigate the effect of
pozzolans during the early hydration of cement. "7 According to this model, water
is present within the porous solid containing paramagnetic impurities (e.g. Fe*"): a) in
the surface layer with the thickness of one water molecule (6 =0.27 nm) and b) in the
bulk-like state as Figure 17 shows.®> '™ 176 The thermally modulated dipolar
interactions between the water proton spins and the spin of the unpaired electron of
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Fe** within the solid phase dominate mainly the longitudinal relaxation of confined

water. 62,174-176

Water layer

T, SULeiEis

Figure 17. Schematic representation of the interactions considered in the 3-Tau model 6% 17

In this three-phase system (see in Figure 17) three types of water movement can

be distinguished:
I.  Water may diffuse in the bulk phase with a characteristic diffusion correlation
time constant (z5) defined by the bulk water diffusion coefficient (D;) as: D, =

2 . .
g / 6wahere J is the thickness of a “layer” of water.5% 174176

II.  Water can also diffuse in the surface water layer, parallel to the surface with
characteristic diffusion time correlation constant (z;) defined as: D; =

62 /6lehere D; is the diffusion coefficient of water in the surface layer with ¢

thickness.6% 174-176

HI.  Water molecules may also adsorb- desorb on the solid surface, which process
can be described by the desorption time (z;) referring to the time water
molecules spend on the surface before desorption with the assumption of the
molecules desorb as exp(~t/r 1)-% 7176 The value of 7, depends on the
strength of the solid surface-water interaction and increases proportionally to
the strength of the interaction.®

These displacements of water molecules modulate the dipolar interaction between
the electronic spins of the paramagnetic ions (Fe*") and the nuclear spins of water.®*
174-176 Thus, the three defined time constants (3-Tau: 7, 7, 74) may strongly influence
the longitudinal relaxation process (77) of confined water:

1 S6
T, (0) = f (Terb:Td:NparaIV) (13)

where Nyara 18 the number density of the paramagnetic ions within 2J depth in the solid
matrix and S6/V is the ratio between the volume of the surface layer (S —surface area)
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and the pore volume (7).%% 7176 With the assumption of planar pore geometry, the
size of the planar pores can be calculated from S6/V.°* The following parameters were
extracted from the evaluation of the dispersion curves: 7, — bulk diffusion time, 7 —
surface diffusion time, 7z — desorption time, Nyu« — number density of the
paramagnetic ions, S&/V — surface layer volume to pore volume.'” After a few
iterations, it was clear that the value of 7, can be kept constant (7, =23.7 ps), which is
slightly longer than that of pure water (z, = 5.3 ps).®* 7® This may be explained by the
presence of dissolved ions in cement pastes or the appearance of a second hydration
layer. %176 Figure A3 in the Appendix shows a fitted dispersion curve, while the
further curves were evaluated with the same settings.

The first part of the dispersion curves at low frequencies (~1072- 10! MHz) was
sensitive to 7; and the S/V ratio. The latter had a greater impact on the initial part of
the curve. This influence can be seen in the changes of the 7> relaxation time during
the early hydration, since the value of 7% also highly depends on the S/V (see in Figure
14). The effect of additives is interpreted based on the changes found in the extracted
and derived parameters.

The variation of 7; and 7 over the cement hydration in the different cement
composites indicates the pozzolanic effect of the additives compared to pure cement,
as Figure 18 shows. While both 7, (from 5.62 us to 0.67 pus) and 7; (from 0.49 us to
0.1 ps) show a quasi-decrease for pure cement, their values slowly increase or stagnate
for Mc20 and Fc20. 7; is sensitive to the slope of the dispersion curve, which does not
change significantly until 70 min for Mc20 and 180 min for Fc20 (see in Figure 16),
thus the value of z; stagnates.

The diversion between cement and the composites can be explained by the
difference in the weight of the dissolution and precipitation processes in the early
hydration, or by the dissimilar size and reactive surface area of the solid particles.'”’
The concentration of the ions in the pore solution and the area of the solid- solution
interface highly affects the rate of the dissolution and precipitation processes.'”” The
dissolution of C3S slows down, as the concentration of the solvated ion increases, and
when the concentration of Ca?* ions in solution is high enough, the precipitation of
portlandite, then CSH begins.®* '”7 Since the substitution of cement with pozzolans
increases the w/c ratio, meaning the amount of water available for cement hydration
increases, the supersaturation of the pore solution, thus the precipitation of hydration
products is prolonged.'”’
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Figure 18. a) Desorption time (z;) and b) surface diffusion time(z;) of water during the early
hydration of the studied samples: Portland cement (green circle), Mc20 (blue triangle) and
Fc20 (orange cube).

Another parameter affecting z; and 7; is the heat evolution during the early
hydration of the cementitious materials, since it affects the temperature of the solid
surface, thus the rate of desorption.!””- '8 Frias et al. found that the hydration heat
sightly increased during the first hours of the hydration for metakaolin blended
mortars compared to pure cement, while it proportionally decreased with increasing
degree of substitution for the fly ash blends due to the filler/ dilution effect also seen
by Moghaddam et al.!3> !7° Although, this process is more complex, since beyond the
heat evolution the quality and also the area of the solid surface changes.

In summary, the change in 74 for pure cement over time can be explicated as: in
the initial dissolution period (/) z4 slightly increases (from 4.87 ps to 5.62 ps) as the
rate of dissolution decreases, then after the supersaturation of the pore solution, the
heat released by the precipitation of the hydration products decreases 7. For Mc20
and Fc20, similar changes occur, but with a time delay, depending on the length of
the induction period affected by the pozzolans. The initial value of z; and z; (at =10
min) is lower for the composites compared to cement, which may be owned to the
higher heat evolution during the early hydration, shortening the time water molecules
stay adsorbed to the surface and in the surface layer. The comparison of 7; and 7 of
the three samples at # = 300 min gives information about the strength of the interaction
between the solid surface and the water molecules. Both time constants show a similar
trend, the strength of the water- solid interaction increases as: cement < Mc20 < Fc20,
indicating that the fly ash composite strongly bounds water.

The diffusion coefficients (D;) of water in the surface layer calculated from 7; are
summarized in Table 4. A similar order of magnitude value was found by Rusu et al.
in white OPC paste: D; = 5.06 x 10"'* m%/s.%? In case of pure cement, the weakening
water- solid interaction is also observable in the increasing D; values over time.
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Table 4.: Diffusion coefficients of water in the surface water layer over the early hydration

of the cementitious samples.

Dy (m?/s) @

t, (min) b 10

40

70 120

180 240 300

Cement (2.49E-14

3.33E-14

4.43E-14|5.93E-14

1.06E-13|1.06E-13|1.22E-13

Mc20 |[1.22E-13

1.22E-13

1.22E-13]6.83E-14

6.83E-14|5.93E-14(5.93E-14

Fc20 |5.13E-14

5.13E-14

5.13E-14(5.13E-14

5.13E-14|4.43E-14|4.43E-14

a Surface diffusion coefficient. ® Hydration time.

The number density of paramagnetic ions (M) in the three samples over the early
hydration (shown in Figure 19a) also showed the dissimilar effect of pozzolans: a)
on the initial value of N, and b) on the time when N,., begins to increase, thus the
end of the induction period (I/) of cement hydration.
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Figure 19. The change of a) the number density of the paramagnetic ions (Npurq), b) the surface
layer volume to pore volume (S&/V) and c¢) the size of the planar pores (#) during early
hydration. The samples investigated are indicated in the legend.

In this period, the formation of a protective membrane/ layer of hydration products
on the surface of the cement grains hinders the interaction of bulk water and anhydrous
cement. The thickness of the protective membrane inversely influences the strengths
of the interaction and the perceptible effective ion density according to Rusu et al.®
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Considering the three investigated samples, the thickness of the protective layer is the
highest for pure cement (Npae = 2.5 x 1073 spins/nm?) and the lowest for the metakaolin
containing sample (Nyue = 4.5 % 107 spins/nm?). As the induction period ends and the
protective layer ruptures, the precipitation of CSH begins, increasing the perceptible
effective ion density.

The last fitted parameters are the surface layer volume to pore volume ratio (S6/7)
and the derived size of the assumed planar pores (%) shown in Figure 19b-c. The
precipitation of the hydration products involves the formation of new surfaces and the
filling of available, micrometer sized pore spaces decreasing its volume and size. The
speed of these processes increased as: Fc20 < Mc20 < cement, as expected based on
the pozzolanic properties of the additives.

Effect of pozzolans on the hardened pore structure

During the hydration process various hydration products precipitate and form a
heterogenous solid matrix, which has two significant roles in radioactive waste
management: a) hydration products as sorbing minerals can immobilize radionuclides
and b) the solid matrix can hinder the diffusion of both the radionuclides and water
molecules.?® In the following, the structural characterization of the hardened cement
composites and the structure- modifying effect of the metakaolin and fly ash will be
described in detail. Both samples were investigated in dry state by SEM and N, gas
porosimetry and in aqueous environment by 1D and 2D NMR relaxometry. The SEM
images show the macroscopic structure of the studied cement samples (see in Figure
20). As detailed previously, the mineral composition of the hardened material is
highly influenced by the degree of substitution of cement with pozzolans: the amount
of portlandite and ettringite decreases, while that of the CSH gel and the other
aluminum containing minor phases increase.'>* ¢ Among these minerals, the spite-
like calcium- silicate hydrate (CSH), the needle-like ettringite (E) and the plate-like
shaped portlandite (CH) can be observed with high certainty on Figure 20. The
contribution of CSH gel increases, while that of ettringite slightly decreases as the
pozzolan content increases. The structural compactness of the composites with high
pozzolan content increased, due to the formation of excess hydration products in the
pozzolanic reactions. The highest compactness is observable in the Mc20 sample. In
case of the fly ash composites spherical, micro-sized (1-6 um) fly ash particles (FA)
can be observed, the surface of which is covered with thin layers of hydration
products.'®® These particles increased the heterogeneity and the macroporous features
of the solid matrix. Overall, in the metakaolin composites a more homogeneous and
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contiguous solid matrix formed compared to the fly ash composites, where more
macroscopic voids were visible.

Figure 20. Scanning electron microscopy images of a) pure Portland cement, 10-30% b-d)
metakaolin and e-g) fly ash containing cement composites showing the characteristic hydration
products and the remaining pozzolanic additives. (CSH- calcium silicate hydrate, CH-
portlandite, E- ettringite, FA- fly ash).
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The micro- and mesoscale structure of the cement composite samples was studied
in dry state by N, porosimetry and compared to pure cement, the N, sorption isotherm
of which was detailed in Section 5.1.1. The N, sorption isotherms of the composite
samples are shown in Figure 21.a, b, and can be classified similarly to cement as /Va
— II transition type with an H3 like hysteresis loop. ** The increase in the pozzolan
content of the composite decreased the detectable pore volume, indicated by the
downward shift of the isotherms.
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Figure 21. Low temperature nitrogen adsorption isotherms of a) 10-30% metakaolin and b)
10-30% fly ash cement composites. The derived cumulative pore volumes (left axis, dashed
line) and pore size distributions (right axis, symbol and line) of ¢) the metakaolin and d) fly
ash composites.

The parameters extracted from the various models fitted on the isotherms are
summarized in Table 5 alongside the data of pure cement. In the case of metakaolin
composites the determined “total”, micro- and meso- pore volumes show a decreasing
trend with increasing metakaolin substitution in comparison to pure cement. This
change reflects the macroscale compactness observed on the SEM images. In the case
of fly composites, only the micropore volume decreases with increasing fly ash
content. The mesopore volume shows a slight increase, causing the increase of the
“total” pore volume as well.
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Table 5.: Surface areas and pore volumes of Portland cement and the pozzolan containing
composites deduced from nitrogen absorption.

Sample | Sper (m?/g) ¢ | Vinicro (cm/2) b | Voos (cnP/g) € | Vineso (cm?/g) @
Cement 23 0.0081 0.057 0.049
Mcl0 29 0.0108 0.068 0.057
Mc20 21 0.0070 0.050 0.043
Mc30 18 0.0061 0.049 0.043
Fcl0 23 0.0073 0.034 0.027
Fc20 22 0.0072 0.042 0.035
Fc30 16 0.0055 0.043 0.038

2 Surface area from BET model., ® Micropore volume from DR plot., ¢ Pore volume at p/py =
0.95., 4Mesopore volume (¥5.95— Viicro)-

The surface area of the samples, except for Mc10, decreases with the degree of
pozzolan substitution compared to cement. Both the V595 and the Szzr are the lowest
in the fly ash composites. The dissimilarities may be owed to the different pozzolan
activities of the additives, which cause the formation of CSH gel to various extents,
where pores with non-evaporable water are present inaccessible to nitrogen gas. The
pore size distribution (see in Figure 21c¢, d) resulted from the fitting of the adsorption
branch of the isotherm (BJH model) is reliable in the mesopore size range (2 nm < d
< 50nm). For the metakaolin composites, the maximum of the pore size distributions
is d ~7 nm, similar to pure cement, with a wide distribution over the mesopore size
range. Contrary, in fly ash composites the d~ 2 nm sized pores dominate, with a
narrow size distribution, showing the superiority of the micropores and small
mesopores.

Henceforward, the micro-, meso- and macroporous structure of the cement
samples were studied in aqueous state by 1D and 2D NMR relaxometry, since the
knowledge of the wet pore structure and the behavior of cement composites in
aqueous environment is indispensable from the viewpoint of the intended application.?
In the 1D NMR relaxometry measurement, the porous structure was studied through
the 7> transverse relaxation process of confined water, as described earlier (see in
Section 5.1.1). The resulting 7> relaxation time distribution curves of the pozzolan
containing cement composites are shown in Figure 22b and were compared to pure
cement as a reference (see in Figure 22a).
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The characteristic pore types in cement could be assigned to each water domain as
follows: /. bound water in the intra CSH layer pores (7> < 1 ms, marked with blue on
Figure 22a,b), 2. slightly more mobile water in the inter CSH gel pores (1 ms < 7> <
5 ms, marked with orange) and 3. mobile water in capillary pores with various sizes
(T> > 5 ms). The pore types were identified based on the relaxation time ranges
estimated from the characteristic pore sizes known from literature. 3% 89
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Figure 22. 7 relaxation time distribution in a) pure Portland cement and b) 10-30%
metakaolin (Mc10-30, blue) and fly ash (Fc10-30, orange) containing cement composites with
the identified pore types (1- intra CSH sheet pore, 2- inter CSH gel pore, 3- capillary pore). ¢)
The effect of pozzolans on the amplitude of water in different pores.

Comparing the 7 distributions of the pozzolan substituted composites and pure
cement, two minor differences can be observed: a) the contribution of bound water
types somewhat increases and b) the presence of the pozzolans caused the merging of
some of the relaxation domains characteristic for cement (see in Figure 22a, b). The
first one is more prominent in the change of the amplitudes of the 7> peaks assigned
to the pores, as Figure 22¢ shows. The addition of metakaolin (Mc10-30) increased
the contribution of the CSH sheet and gel pores (4.-5), while the ratio of capillary
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pores (A4.) decreased from 15% to 5% in the case of Mc10-30 compared to pure
cement.

Fly ash (Fc10-30) increased the influence of the CHS sheet and gel pore to a
slightly greater extent than metakaolin. However, while in case of the Mc series
mainly the contribution of the CSH sheet pores increased, fly ash influenced mostly
the CSH gel pores. The ratio of capillary pores decreased to ~ 2% for Fc10 and Fc30.
It has to be noted that this method is less sensitive to large capillary pores, due to the
low influence of the pore wall, thus it may underestimate the presence of large pores.

The 7> distribution shows that the additives do not affect significantly the size of
the pore, but rather their ratios. This was also observable on the 2D 7)-7> relaxation
correlation maps, as shown in Figure 23, which provides information on the exchange
processes between the individual water types and the permeability of the pores.>* 6> 63
Based on the rotational correlation time (z.) dependence of the 7; and 7, relaxation
times, the two relaxation processes can remarkably differ for chemically or physically
bound hydrogens and hydrogens in more mobile water filling small pores. According
to McDonald et al., the 77 relaxation time is long (> 100 ms), but 75 is short (~ 0.01
ms) for chemically bound water in the CSH sheet pores.”® While for the CSH gel
pores, where water movements are less hindered, and the relaxing effect of the surface
is not negligible, both relaxation time constants are short. The effect of the surface is
decreased by increasing pore sizes, which prolongs the 77 and 7 relaxation of water
in the capillary pores.>* ¢

The diagonal of the 2D correlation maps shows the water domains (signed with
numbers in Figure 23) identified on the 1D 7> distributions (Figure 22) reflecting the
pore types of cement. The position of the peaks is similar for pure cement and the
metakaolin composite, while it shifts to shorter relaxation times for the fly ash
composite. The intensity of the peaks assigned to the CSH gel, especially for Fc20, is
enhanced by the presence of pozzolans.

The additional information which can be obtained from the 7;-7> correlation maps
is the location of the diagonal peaks compared to the principal diagonal (7; = T>)
marked with solid line in Figure 23. In the case of pure cement and Mc20, the
diagonal features of the peaks slightly shift to 7; = 27 (dashed line), and to 7; = 47>
(dotted line) in the case of Fc20. McDonald et al. also found such features in
cementitious materials and interpreted them by the different surface diffusion
correlation (z,,) and surface residence times (zy) of water in the solid according to the
surface diffusion model of relaxation.’® ¢ 6 For T;=2T> the ratio of these time
constants is 7,/ 7y~ 102, while it is 7./ 7, = 10™* for T;=4T>. The reciprocal value of
them (zv/ 7,,) indicates the “affinity” of the surface to the solvent.> 8! Similarly to the
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7¢ and 7; values found by FFC NMR, here 7, and 7,, also refer to a strong interaction
between the water molecules and Fc20.
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Figure 23. 2D T;-T, relaxation correlation maps of a) pure Portland cement, b) 20%
metakaolin (Mc20) and ¢) 20% fly ash (Fc20) containing cement composites with the
characteristic pore types in the diagonal (1- intra CSH sheet pore, 2- inter CSH gel pore, 3-
capillary pore). The dashed (7,=2T>) and dotted (7;=4T>) lines show the shifted principal
diagonal.

The extent of the separation of the peaks indicates the permeability between water
domains; in Mc20 the peaks are more separated, compared to the other samples,
meaning that water is found in different environments and the pore structure is less
open.” ** Peaks are also visible away from the principal diagonal (off- diagonal
peaks), which can be construed in two ways:

e if there is a great difference between the relaxation times (7; >> T>) the off-
diagonal peak can be ascribed to hydrogens in a solid-like environment,
chemically bound in the CSH gel.*

o if the difference is smaller (7; > T>), and the off- diagonal cross peak appears in
the 2D T»-T> correlation maps as well, then chemical exchange takes place
between the pore types.> 6

McDonald et al. assigned the cross peaks in the upper left corner of the 2D T;-T>
correlation maps to the chemical exchange between the CSH gel pores (1,2) and the
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capillary pores (3).%% ¢ % Based on this, the cross peaks found in our case were also
considered as results of exchange processes and it is clearly visible that the addition
of the pozzolans reduced them.

Effect of pozzolans on restricted diffusion of water in cement

After the comprehensive structural characterization of pozzolan containing cement
composites, the diffusion of water was followed within the solid matrices. Knowing
how the solid structure inhibits the diffusion of water is essential regarding radioactive
waste management, since it determines the leaching of radionuclides from the waste
forms. The self- diffusion of liquids in porous materials is commonly measured by
PGSE NMR, using gradient pulses, however, if the 7; and 7> relaxation processes of
confined water are significantly accelerated (e.g. due to the presence of magnetic
inhomogeneities or small pore sizes), it is not applicable. The so-called H,O-D,O
exchange diffusion technique can be suitable for testing such materials, since it
follows the H>O proton signal decrease within the solid as it exchanges with D,0.%"
66,67 The proton signal intensity decay curves are shown in Figure 24.

If we compare the exponential intensity decay curves, two conspicuous differences
are observable: /) the decay process itself (course of the curve) and /I) the residual
signal intensity.

I.  The pozzolan substitution significantly influenced the rate of water signal
decay, while in pure cement the water signal intensity decreased to ~23% of the
initial value in 24 hours, that of the metakaolin composites decreased to Mc10:
23%, Mc20: 52%, Mc30: 41% (see in Figure 24, indicated with dashed line).
Thus, at high metakaolin content (20-30%), the water signal intensity change is
slower. For the fly ash composites, the water signal intensity decay curve
completely subsided until 24 hours, and intensities reached a stable value: Fc10:
31%, Fc20: 34%, Fc30: 57% of the initial value. The diffusion process is more
elongated for the metakaolin series (Mc20-30) compared to the other two, and
the degree of elongation depends highly on the metakaolin content indicating
the increasingly inhibited movement of water due to the precipitation of
additional hydration products.

II.  The addition of pozzolans also affected the residual signal intensity at the end
of the diffusion process. It is especially visible in the case of fly ash composites,
and the amount of it increases with the degree of substitution. The residual
signal intensity can be attributed to the bound, non- or very slowly diffusing
water within the sample. The high contribution of strongly bound water in the
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fly ash series was already seen on the 1D 7> distributions and on the 2D 7;-7>
correlation map of Fc20.
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Figure 24. The normalized intensity of the proton signal over time in a) pure Portland cement,
b) 10-30% metakaolin and ¢) 10-30% fly ash containing cement composites. The dashed line
indicates ¢ = 24 h, where the samples were compared.

The diffusion coefficients of water were determined by fitting the obtained decay
curves with the mathematical model derived by J. Crank'!’®>, which includes the
diffusion processes in an infinite cylinder (C,s) and in a plane sheet (Cp), as the
product of two exponentials:

M(t)—M(t=0)

C* = tmomie=w) = CosCent (14)
. 2a(1+a) t

Cps = Ln=0T1 g1 qzpz EXP (_Dpp% l_z) (15)
o 4a(1+a) t

Coyt = 2n=0 37 2qrazpz ©XP (_Dpp721 T_z) (16)

where C* is the change in the concentration of light water, M is the measured signal
intensity, a is the volume ratio of heavy to light water, D, is the diffusion coefficient
of water, p, is the square root of the error function, » and / are the radius and length of
the cylinder respectively, while 7 is the duration of the measurement.®® "> The best
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fittings were achieved by using the product of two (cement) and three exponential
sums (pozzolan containing ones). The determined diffusion coefficients with their
errors (less than 10%) are shown in Figure 25 and are numerically summarized in
Table A1l in the Appendix.

All the determined diffusion coefficients were much lower than the value assigned
to free water (D= 2.3 x 10° m?%s)!'* referring to strongly restricted water diffusion
processes. The following diffusion coefficients of water were found in pure Portland
cement: D;= 1.0 x 10! m*s and D= 3.6 x 107! m%*s. Comparable values were
observed by Fleury et al. for pure cement.®” The faster diffusion (D;) may take place
in the larger capillary pores, while the slower diffusion (D,) may be contributed to the
swollen CSH gel, in which water movement is restricted.
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Figure 25. The self- diffusion coefficients (D;.3) of water in pure Portland cement (green), 10-
30% metakaolin (blue) and 10-30% fly ash (orange) containing composites. The errors of the
fitted D values are also indicated.

In the metakaolin composites three diffusion coefficients could be differentiated:
D;>=1.0x10"-75%x 10" m?s and D; =2.2 x 102 - 9.4 x 102 m%s. Comparing
the diffusion coefficient of water in the capillary pores in pure cement and the
metakaolin composites, it is observable that water diffuses an order of magnitude
slower in the composite samples. In the fly ash composites, also two restricted water
diffusion processes could be distinguished: D; = 1.5 x 1071° - 3.7 x 107" m%*/s and D:
=2.2x 102 - 5.3 x 102 m%s. The diffusion of water in the fly ash composites is
similar to that in pure cement, however due to the presence of macro voids seen on
the SEM images the diffusion in the capillary pores is less restricted. Based on the
derived diffusion coefficients, the 20% metakaolin substitution of cement seems to be
the most promising composition from the viewpoint of water mobility.
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Regarding the aimed application of the cement matrix, the substitution of cement
with 20% metakaolin resulted in the most promising binder for the long-term safe
disposal of radioactive waste. Thus, we continued working with that composite and
investigated how the model radioactive liquid waste affects the solid matrix, which
will be presented in Section 5.2.1.
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5.2. The impact of real waste management conditions

5.2.1. Effect of complexing agents

The aim of radioactive waste solidification is to immobilize the hazardous
radionuclides and to minimize their potential for migration and dispersion in the
environment.® During the cementation of LLW and ILW, the hydrate phases of cement
are capable of the sorption of radionuclides, while its porous structure restricts their
migration, rendering cement to a chemical and physical barrier.* ** ** However, the
composition and porous structure, thus the retention capacity of cement for certain
radionuclides is highly sensitive to any form of added components and their

interaction with cement.> 82

Beyond organic compounds and acids (e.g.
hydroxycarboxylic acids, carbohydrates, phosphonates), several inorganic substances
(e.g. borates, phosphates and other salts) can retard the hydration process and/or pore
structure formation of cement.* 3% 18134 These compounds are present in low and
intermediate-level liquid radioactive waste (LLW and ILW) as radionuclides and
chelating/ complexing agents.

In this section, the investigation of the leachability and structure of cemented
model waste packages will be presented, which were prepared based on the recipe for
the cementation of LLW and ILW waste at Paks NPP in Hungary, with the permission
of PURAM. The model waste packages simulated the real solidified radioactive waste
forms, containing complexing agents at various concentrations (0-20 g/1) and isotope
analogue model ions.

The aim of this chapter of my PhD research was to determine the effect of the
complexing agent content on the leachability of the model waste packages (regarding:
80N, 133Cs, "®Re, organic carbon), as well as to study their effect on the structure of
the cement. Furthermore, since small size samples, suitable for the NMR experiments,
were used in our work, the effect of the sample size was also studied by the
comparison of our leachability results with previous experiments carried out on larger
samples.

To examine the leaching behavior of Cs, Ni and Re from the waste packages,
accelerated leaching tests were performed according to ASTM C 1308-08 Standard,
and the model ion content of the leachates were analyzed by ICP MS.!'"” The organic
carbon content of the leachates in case of the 5 and 20 g/l complexing agent containing
samples were studied by HF- NMR methods. To investigate the structure and
permeability of the model waste packages, the above-mentioned (Section 5.1.2)
techniques were used (SEM, NMR relaxometry, 2D T;-7> correlation NMR
relaxometry, H,O-D,0 exchange diffusion measurements). The overall goal was to
thoroughly evaluate the leaching behavior and permeability of potentially usable

61



Investigation of waste forms, engineered barriers, and the geological environment for the
final disposal of radioactive waste

waste packages and to propose an applicable complexing agent concentration range
for the long-term performance of the waste packages.

Leachability of the model waste packages- Leaching of '*Cs, ’Ni and '*’Re

The effect of complexing agent concentration on the leaching behavior of Cs, Ni,
and Re from cylindrical, 20% metakaolin containing cemented model waste packages
was investigated. The leaching of the model ions from the small sized samples was
carried out based on the ASTM C 1308-08 Standard and was compared to previous
results on samples with larger size.!'” The incremental fraction leached (/FL) values
of each model ion were determined from the ratio of the amount of model ions in the
leachates determined by ICP-MS analysis (ia,) and the amount of model ions
introduced during sample preparation (i4y).'!” The cumulative fraction leached (CFL)

resulted from summing the IFL values for each release time interval (j) as follows:!!’

Jj . i
CFL; =Zn=2%n — 37 IF, (17)

iAO n=1

The calculated CFL values of Cs, Ni, and Re as a function of the leaching time ()
are shown in Figure 26 on the same scale for comparability. After the prompt release
of the model ions, the leaching process slows down, and the change of the CFL values
over time shows saturation-like curves.

Comparing the resulting leaching curves, two main differences may be observed:
1) the retention capacity of cement for the model ions and /I) the impact of the
complexing agents on the leaching process.

D Regarding the retention capacity of the cement matrix for the model ions, the
obtained CFL values of the three model ions were compared at the end point of the
leaching process. The following trend was found relating to the leachability of the
model ions: cesium> rhenium> nickel. During the leaching experiment almost 30-
40% of the introduced cesium, 6-17% of rhenium and <2% of nickel leached out of
the cemented matrix. A similar trend was found previously in the case of large sized
samples, but for the small probes the leaching was enhanced due to the large S/V ratio
of the cylinders. This tendency may be explained by the different behavior of the ion
in cementitious environments and their interaction with the sorbing minerals of
cement. One of the most cumbersome radionuclides to immobilize is cesium, which
is soluble in the alkaline cementitious environment.?® #5187 Cesium occurs as Cs* in
aqueous solutions; as an alkali metal it is less prone to sorb on the cement hydrates
and has a low tendency for complex formation. 2 186 188 189 Among the cement
hydrates CSH tends to sorb cesium through ion exchange-type process; however, its
efficiency highly depends on the presence and concentration of competing ions (Na,
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K, and Ca) and the charge of the interlayer CSH surface (Ca/Si ratio).?® '¥” Bagosi and
Csetényi studied the sorption of cesium in hydrated cementitious assemblages through
its distribution ratios (Ry).'®® They found that R, increased with increasing Ca/Al ratio
and decreased parallel with decreasing Si/Ca and Al/ Si ratios.'® Thus, increasing the
aluminum content of the CSH gel, e.g. by using aluminum-rich pozzolans, may
enhance the sorption of cesium.'®* 187 Technetium, here modeled with rhenium, is a
redox sensitive element, which is present as soluble TcO4 or Tc(IV) in cementitious
environments, and the latter tends to form complexes.?® 1> %! The highly soluble oxo-
anionic form of technetium may substitute sulfate in the sulphate- aluminate minerals
of cement (Afm, Aft).”® "> These processes result in a lower leachability of
technetium. Contrary to the former two, nickel forms low aqueous soluble nickel-
aluminum layered double hydroxides (Ni-Al LDH) in the alkaline environment, and
potentially also bound to chelating and complexing agents, leading to low
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Figure 26. The obtained cumulative fraction leached (CFL) values in case of a) cesium, b)
nickel and ¢) rhenium (technetium analogue) from the small sized model cemented waste
packages. The complexing agent concentration varied between the samples (0-20 g/1), which
is marked with different symbols and colors. The inserted figure serves to enlarge the curves
in case of nickel. The solid line connecting the points is only to guide the eye.
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II)  The chelating/ complexing agent content of the liquid radioactive waste,
particularly multidentate ligands, has a great effect on the immobilization of
radionuclides. The impact of the total concentration of complexing agents (0-20 g/l,
shown in Figure 26 with different colors and symbols) was compared regarding the
course and the end point of the curves. The first observation was that complexing
agents not only affected the leaching of model ions prone to complex formation (Ni,
Re), but also the release of cesium. The second observation was that the leachability
of the ions did not change proportionally with the complexing agent concentration but
followed more or less this trend: 0 and 20 g/l <10 g/l <5 and 15 g/I, meaning that at
certain concentrations the leaching process is facilitated. According to Lovgren, the
complexing agents may influence the sorption of radionuclides through the combined
effect of the following enhancing and suppressing processes: a) formation of
complexes in aqueous solution, b) formation of ternary complexes at the water/solid
interface, ¢) competition for sorption sites, d) favorable change of solid surface charge
for ion sorption, €) precipitation at the water/ solid interface.'®” Smillie and Glasser
studied the possible interactions between Portland cement and complexing agents,
namely oxalic acid, citric acid, and Na,-EDTA.'”® They found that the quantity of
solved oxalic acid and citric acid decreased in the pore water of cement, the former
one possibly due to its transformation to low soluble calcium oxalate monohydrate. '
It was also found that cement did not affect EDTA under these circumstances.'*®
According to Guidone et al., citrate adsorbs quite strongly to the Afm and Aft
hydration products in highly alkaline environments (pH= 13.2).!"” In summary, at
certain concentrations (5 and 15 g/l) the combined enhancing and suppressing effects
of complexing agents can result in enhanced model ion leaching processes.

The complexity of the single model ion leaching processes and the mutual
influence of the ions on each other’s leaching was studied by the fitting of the leaching
curves with the following first- order kinetic equation by Nemes et al.:

X, — X; = Ae™ ¢ (18)

where X. and X; are the ratio of bound/leached ions in equilibrium and at ¢ time
respectively, 4 is a constant, & is the rate constant.?” The fitted rate constants (k) and
their errors (¢) are summarized in Table A2 in the Appendix. The value of k varied
between 0.21 - 0.31 day! at 298 K and showed no clear trend regarding the
complexing agent concentration. The fit of the leaching curves to first-order kinetics
showed that the leaching of the different model ions was dominated by their own
solubility and the presence of the other ions did not affect significantly their leaching
process.
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According to the ASTM C1308-08 standard, if the leaching process of the model
ion is mostly driven by mass diffusion, the effective diffusion coefficient of the ion
can be derived from the fittings of the leaching curves with different models.''” The
effective diffusion coefficient (D.) indicates the diffusivity of the model radionuclides
influenced by the porous structure of the solid matrix and the possible interactions
with the solid (e.g. adsorption, tortuosity of the matrix).?’"2°2 Two models are usually
used to extract D.:

I If CFL<0.2, then the solid matrix is considered as a semi- infinite medium and
D, can be calculated knowing the volume (¥) and the surface area (S) of the
cylindrical probe:!!”

L (19)
0

II.  If CFL>0.2, then the matrix is considered as a finite medium, and the depletion

CFL =

s [D t]1/2
=25 %]
of the solid material due to leaching must be considered.!'”2% In this case the
following model defined by Pescatore can be used, which defines the time
dependence of CFL by a double series expression: 2™

Tan _

32
CFL =% = 1= 2 $,(0)Sc(0) (20)

where S, and S. describe the diffusion process from the plane sheet and the
cylinder.

Both models were used for the determination of effective diffusion coefficients of
the model ions, and the fitted D, values with the relative errors of the fittings (Er>) are
summarized in Table A3-5 in the Appendix. If Er, < 0.5%, it means that the model
precisely represents the data set according to the ASTM C1308-08 standard.'!’
Contrary to the previously measured leaching experiment carried out on larger
samples, the finite model better fitted the leaching curves of the small sized samples
for each model ions and complexing agent concentrations. The determined D, by the
finite model in the small sized samples are shown in Figure 27 and are compared to
the ones previously determined in the large samples by the semi-infinite model. In the
small probes, the D, coefficients were in good agreement with the ones in the large
probes and showed a quasi-decrease with increasing complexing agent concentration.

In the case of '**Cs, the D, varied between 1.3 x 1071° — 1.5 x 10°1* m%/s (Appendix,
Table A3), indicating a highly restricted model ion diffusion compared to bulk water
(D=2.3 x 10" m?/s).'"* Similar or somewhat higher diffusion coefficient values were
found for cesium in Ordinary Portland cement: D, ~1.7x 10!~ 5.9x 10"'2m?/s, belite-
rich cement: D, ~ 2.68% 107! - 5.82x 10" m%/s, in zeolite- cement blends: D, ~ 5.7x
10">m?/s and also in EDTA containing cemented waste form: D, ~ 1.0x 10— 2.3x
10712 m?/s. 4% 203: 205,206 Two diffusion processes could be distinguished with the finite
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model for cesium: a quasi-fast (D, ~ 8.5 x 10'* — 1.5 x 10> m?%/s) and a slow (D, ~
1.3 x 105~ 5.1 x 10! m?%s) one.
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Figure 27. The determined effective diffusion coefficients (D,) of a) cesium, b) nickel and ¢)
rhenium (technetium analogue) from the small (green, full) and large (yellow, striped) sized
model cemented waste packages.

The presence of a faster cesium diffusion may be explained on one hand by the
high surface-to-volume ratio or the “skin effect” meaning a more pronounced leaching
process from the surface of the small sized samples.?’” On the other hand, it can be
interpreted by the presence of unbound ions, which may diffuse faster assumed by
Zhu et al., who studied the leaching of cesium from alkali-activated cements and also
found two distinct diffusion processes.?”® We found a slight decrease of the D, values
with increasing complexing agent concentration and a similar decrease was described
in case of EDTA by Goo et al. They explained it by the possible competition between
cesium and other metal-EDTA complexes and by the formation of a carbonated
barrier induced by EDTA, which slowed down the diffusion of the ion.*?
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Contrary to cesium, only one diffusion process dominated the leaching of nickel
and rhenium. In the case of ®Ni, D, varied in the range of 6.6 x 10717 — 3.1 x 1071 m?%/s
(Figure 27b and Table A4 in the Appendix) in the small sized samples with also a
decreasing trend regarding the complexing agent concentration. Song et al. found D,
values of similar magnitude for nickel studying the leaching of different heavy metals
from cemented sewage sludge. The diffusivity of nickel at pH 10 changed during the
leaching process: it decreased from D, ~ 1.3 x 101 m?/s to D, ~ 7.8 x 10"" m?/s after
two days.?” The determined effective diffusion coefficients of '®Re (modeling
technetium) changed between 5.1 x 1071° — 4.5 x 10" m%/s (Figure 27¢ and Table A5
in the Appendix). Bourchy et al. compared the observed diffusivity (Dors) of
technetium over the history of cementitious waste forms developed for the application
at the Hanford mission; the value of D, varied between 1x 107" — 3x 10712 m?/s.!*°
The determined D. values in our experiments fit well this range.

The decreasing trend in D, with increasing complexing agent concentration,
observed for all the three model ions, may be explained by the complex formation of
the ions, the competition with other metals, the obstructing effect of the
macromolecules (e.g. free complexing agents) or by a potential complexing agent-
induced retardation barrier (e.g. calcite).*?

Leachability of the model waste packages- Leaching of complexing agents

During nuclear decontamination operations complexing/chelating agents are
usually used, since they can form strong and selective complexes with
radionuclides.?'® Thus, these compounds are unavoidable components of liquid
radioactive waste. However, despite cementation, the complexing agents may
facilitate the migration of radionuclides from the repository, which could be possibly
prevented by different pretreatment processes (e.g.: degradation), which in our case
did not happen.?'® In the following, the characterization and identification of the
organic compound content of the leachates in the case of 5 g/l and 20 g/l complexing
agent containing samples will be presented through the results of the HF-NMR
measurements (‘H-NMR, DOSY, HMBC, HSQC). The leachate of the samples was
lyophilized and dissolved in D,O to enhance the detectability of the organic
compounds. As mentioned above, citrate and oxalate mainly precipitate or adsorb
inside the cement structure, while EDTA may leach out in the form of metal
complexes.'”® 1% Based on these, the presence of EDTA, and perhaps citrate
complexes were expected in the leachate. As the carboxyl proton of oxalic acid rapidly
exchanged with deuterium or hydrogen in HOD, it had no detectable proton signal.
These were not the only source of organic compounds, since Ni was added in its
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acetate form, so we had to take it into account as well. The chemical structures of the
used complexing agents are shown in the Appendix (see in Figure A4).

Figure 27 shows the '"H NMR spectrum of the leachate of the 5 g/l sample. The
complexity of the spectrum implies that numerous forms of EDTA- and citrate-
complexes or their derivatives might be present in the leachate. Several peaks can be
observed between 3 and 4 ppm, coupling to carbons with chemical shifts between 60
- 85 ppm (HSQC spectrum, see Figure A5 in the Appendix). At first glance, these
protons might be methylene groups close to the nitrogen atoms and the carboxyl
groups of EDTA (marked with blue). The high intensity peak at 6= 1.8 ppm can be
assigned to the methyl group of acetate ions (marked with red) deriving from the
added Ni-acetate. Further high intensity 'H peaks appear at lower chemical shifts in
the form of triplets, or quartets; some of them show scalar coupling in the COSY
spectrum (see Figure A6 in the Appendix) with protons from the 3-4 ppm region.
Some of them are spin systems of several protons. Furthermore, high-intensity peaks
can be observed in the aromatic region (see in Figure 28b) around 7.3 ppm, belonging
to aromatic protons or protons attached to carbon involved in a double bond. These
observations point far beyond the expected simple complexes; thus, the explanation
needs deeper insight into the chemistry of metal complexes and the potential
interactions in the cementitious environment.
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Figure 28. a) The aliphatic and b) the aromatic part of the '"H-NMR spectrum of the organic
compounds leached out of the 5 g/l complexing agent containing model cemented waste
package (500 MHz, 298 K, ns=64). The different colors indicate the identified compounds.
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First, we searched for the two NMR-detectable complexing agents and their
possible metal complexes, and were able to identify and exclude several of them as
follows:

e FEDTA:

It is well known that pH > 7, EDTA acts as a Lewis base having 6 potential binding
sites: two tertiary amino groups, donating two pairs of electrons to a metal ion, and
four carboxylates.?!* 2! With these sites, EDTA can form cage-like complexes with
metals in 1:1 mole ratio.

Free EDTA typically shows two singlet peaks: acetate-methylene protons (-N-
CH,-COO, 6= 3.67 ppm) and methylene protons in the backbone(-N-CH,-CH»-N-,
0= 3.28 ppm), however the complex formation of EDTA with metal ions as well as
the pH may shift or split these singlet peaks.?!""*!3 Hafer et al. studied the effect of
divalent metal cations (e.g.: Mg, Ca, Sr, Ba) as well as the effect of pH on the chemical
shift and coupling of EDTA by '"H NMR spectroscopy and found that increasing pH
shifts the proton signal of EDTA to lower ppm values.?'? They also found that upon
complex formation the signal of the acetate-methylene protons shifted to J=3.08- 3.55
ppm and in some cases their signal split to AB patterns due to the restricted rotation
of the acetate-methylene groups, while the backbone- methylene protons remained
singlet peaks (6= 2.48- 3.14 ppm).?!2

These changes are also visible in Figure 28a as well, where the singlet peaks of
the acetate-methylene protons of EDTA split to an AB quartet (-N-CHAHp-COO", 0~
2.9-3.1 ppm, marked with blue in Figure 28a) due to the long-lived metal- N bond,
and both these and the backbone- methylene signal (6~ 2.4 ppm) shifted to lower ppm
with the alkaline pH of the cementitious environment.?'? As calcium is a main
component of Portland cement, it is evident that these peaks belong to the Ca-EDTA
complex, being present in the leachate. In the cemented model waste packages,
numerous cations are present from both the cement, the metakaolin and the model
waste (e.g.: Na*, K, Cs*, Mg?', Ca?*, Ni*', Fe**, AI**, Nd*"), thus multifarious EDTA
complexes can form. According to literature, K and Fe do not form chelate with
EDTA, while Mg-EDTA could be found at 3.2 ppm and 2.7 ppm.?!!: 214 The high pH
of our leachate could shift these peaks; however, our system contains only a small
percentage of Mg (mainly from metakaolin), thus the presence of pure Mg-EDTA
complex might be unsignificant as well.

Aluminum is also readily form complexes with EDTA; AI(EDTA)" at lower pH,
AI(EDTA)(OH),” above pH= 7 (pK= 5.8), while above pH= 10 AI(OH)s appears.?'
In the presence of Na" and K* ions, being both added to the cement in the model
solution, the formation of NaAl(EDTA) and KAI(EDTA) multinuclear complexes is
possible. These complexes show similar AB quartets and a singlet in the '"H NMR
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spectra, the width and chemical shift of which strongly depend on the pH and the
temperature.?!® According to Joszai et al., these proton signals are in the chemical shift
range of ~3-4 ppm, being in good agreement with the '"H NMR spectrum of the
leachate, crowded with peaks in this ppm region (see in Figure 28).2'* They observed
broad signals for the KAI(EDTA) complex above neutral pH, which can be an
explanation for the increased baseline in the proton spectrum below the split signals.?!3

Both Nd and Ni can form stabile complexes with EDTA. In the case of nickel, all
the four oxygens and both nitrogen atoms of the EDTA participate in the complex
formation.?!® It should be present in the leachate in our case, similarly to Co-EDTA
found migrating from the intermediate-level liquid waste disposal pits in USA.?'* 27
Co® migration is widely studied in the presence of EDTA, and an accelerated leaching
is described by the soluble Co-EDTA complex.** #'® For Nd, it forms stable
complexes just like all the trivalent rare earth metals. Furthermore, in the presence of
high citrate concentration a mixed complex might form as well (it was found for
HEDTA, where one carboxyl is replaced by hydroxyl).>'> 2 Both Nd and Ni are
paramagnetic atoms and able to shift the "H NMR signals to extreme ppm values: Nd
shifts the signals to negative ppm range, while for Ni-complexes, 'H signals might
occur from -30 to 70 ppm.??!: 222 The Nd-EDTA-complex might behave as a
paramagnetic shift reagent; thus, other complexes might appear at different chemical
shifts compared to the literature.??! However, none of these extremities can be
observed in our spectrum which was also recorded with a ca. 70 ppm spectral window.

Overall, these metal-EDTA complexes may be present in leachate of the 5 g/l
complexing agent containing sample and may appear as the peaks between o= 3-4
ppm in the '"H NMR spectrum, which moves together based on the DOSY spectrum

(see in Figure AS8).

e C(itrate:

Similarly to EDTA, citrate also may form complexes with the cations present in
the model waste package sample. The non-exchangeable protons of the methylene
groups of citric acid usually can be found around 6 =2 -3 ppm as AB doublet.?** In the
cementitious environment it seems to be evident that Ca-citrate is present in the
leachate. Gécsi et al. studied the Ca-citrate system under hyperalkaline conditions,
and described a complex with CaCitH> composition, where the alcoholate and two
neighboring carboxylate groups are involved in the complex formation.?”* In the
presence of Na, also NaCit> and Na,Cit ion pairs are present competing with the
calcium complexation.??* This Ca-citrate complex can be observed in the 'H spectrum
of the leachate as an AB doublet between d =2.4 -2.6 ppm (see in Figure 28a, marked
with yellow).
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It is also known that Fe and Al, both present in the cement, form multinuclear
complexes with citrate, resulting in a more complex pattern in the 'H NMR spectrum.
Bodor et al. presented a complex study for the interpretation of the NMR signals of
Al-citrate complexes at different pH values.??* Above pH= 8 and at low citrate
concentration, the complex with Al3(H.Cit);(OH)s~ composition is exclusively
present.””* The high symmetry of this complex results in only two chemical
environments for CH, protons, resulting in two AB doublets in the NMR spectrum.?**
At pH< 9 the Al(H.,Cit);OH(H.O)* complex appears with a rather complicated
pattern between 2.5 and 2.9 ppm with overlapping signals.?** Basically, we do not
have any signals in this chemical shift region of the "H spectrum of the leachate, but
we can keep this in mind, as the paramagnetic ions present in the solution and the
higher pH can cause the shift of the peaks.

The COSY spectrum of the leachate reveals several cross-peaks due to the scalar
coupling between the protons bound to adjacent carbons (see in the Appendix, Figure
A6). In the case of citrate, the geminal protons of the CH, groups appear as two
doublets, as it was shown for the Ca-citrate complex. However, no similar groups of
peaks can be observed in the spectrum, in contrast to the numerous COSY cross-
peaks. This can be owned to further geminal protons, which are not equivalent due to
the complexes formed by the EDTA or the citric acid, but the spectrum reveals spin
systems of even five different protons in a quite wide chemical shift range as well,
which needs further explanation.

For this reason, the dehydration and decarboxylation reactions of citric acid should
be recalled. The dehydration of citric acid is often studied at high temperatures (7~
140-160°C) in the presence of a catalyst.?>> At lower temperatures, the same process
might take place over a longer time range. In the reaction, aconitic acid is formed in
the first step, while aconitic anhydride by further dehydration.??> 2?® For the
dehydration the -OH group must be protonated, thus several studies describe this
process in acidic medium, however, the protonation constant (pKa) of the -OH in citric
acid is above 14, meaning that in the basic medium of the cement paste this condition
should also be fulfilled.??” #2® Interestingly, this reaction can also take place in the
presence of a heterogeneous catalyst like zeolite or aluminum ions, thus one can draw
the conclusion that the components of the cement having similar aluminol groups
might also catalyze the dehydration.?”> ?* Decarboxylation is also possible in the
cementitious environment, due to the formation of CaCOj3 phases, enhanced by the
EDTA. * The products of these reactions can be a wide range of carboxylic acids,
which might also participate in chelating the metals ions present, making the 'H
spectrum more complex and the assignation more difficult.??* 22 More probable is the
presence of glutaric acid, with a triplet at § =2.03 ppm, and a multiple at 6 =1.42 ppm
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(see in Figure 28, marked with green), showing the expected COSY and "*C -'H
HSQC and HMBC cross-peaks (see in the Appendix, Figure A5-7). These signals also
show similar diffusivity in the DOSY spectrum (see in Figure A8). An option can be
the formation of crotonic acid (J~ 7 ppm, 6.5ppm and 1.2 ppm) and propane-1,2,3-
tricarboxylic acid (6 ~2.3 ppm), which can even form complex mixed complexes, but
we cannot identify them on the 'H spectrum. The multistep dehydration of citric acid
may involve ring closure reactions resulting in the formation of aconitic anhydrides,
the decarboxylation of which may redound the formation of itaconic anhydride or
citraconic anhydride.??® The presence of these compounds in the leachate may explain
the signals appearing at aromatic part of the "H-NMR spectrum (8> 6.5 ppm, see in
Figure 28b) without any coupled peak in the aliphatic region.

Compared to the 5 g/l sample, the 'H NMR spectrum of the more concentrated 20
g/l sample is similar, but the intensity of the identified components differs (see in
Figure 29).
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Figure 29. a) The aliphatic and b) the aromatic part of the "TH-NMR spectrum of the organic
compounds leached from the 20 g/l complexing agent containing model cemented waste
package (500 MHz, 298 K, ns=64). The different colors indicate the identified compounds.

In this case, the peaks of the Ca-EDTA (J= 2.4 ppm and around 3 ppm, marked
with blue) and Ca-citrate (6 =2.4 -2.6 ppm, marked with yellow) are more enhanced
compared to the acetate signal (marked with red), which was added to both samples
in equal amounts. This is not surprising, since complexing agents present in large
quantities can form the most complexes with calcium, the dominant cation in cement,
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thus suppressing the signal of other complexes. Thus, in such an elaborate,
multicomponent system, various and multinuclear metal complexes as well as new
compounds containing double bonds and rings may form. To the best of our
knowledge this phenomenon hasn’t been observed yet, however, detailed
identification needs further investigations.

From the viewpoint of long-term safe disposal of complexing agents containing
radioactive waste, it is essential to know how organic compounds behave in the
alkaline cementitious environment and in which form they may leach out to the
biosphere. It was shown in this section that the complexing agents leach out mainly
in the form of metal complexes as well as transform by chemical reactions. The
increased complexing agent concentration caused the greater leaching of calcium
complexes, in addition to other metal complexes, which may also result in the
retardation of cement hydration.

Effect of complexing agents on the diffusivity of water

The diffusion of water in the cemented model waste packages was followed with
H>0-D,0 exchange diffusion technique in case of the 5 g/l and the 20 g/l complexing
agent concentrations, the same way as described in Section 5.1.2. The obtained proton
signal intensity decays are shown in Figure 30, where the decays measured in pure
cement and the 20% metakaolin composite are also represented for comparison.
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Figure 30. The normalized intensity of the proton signal over time in cemented model waste
packages with 5 g/l (yellow) and 20 g/1 (dark blue) complexing agent content. For comparison,
the curves of pure cement (green) and the 20% metakaolin containing composite (orange) are
also presented. The inserted figure is a magnification of the initial section of the curve obtained
for the 5 g/l complexing agent content sample.
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Three differences can be observed between the curves:

1. The decay process itself: the concentration of complexing agents affected the
rate of the proton signal decay. In the case of 20 g/l concentration, the decay
curve is similar to that of the 20% metakaolin containing composite (the base
solid matrix), while in the case of 5 g/l concentration, the decay is prolonged,
indicating the restriction of water diffusion.

1. The residual signal intensity: this can be assigned to the bound, non- or slowly
diffusing water in the solid. After 144 hours, the residual signal intensity is
~20% of the initial value for the 20 g/l probe, similarly to the metakaolin
composite, while it only decreased to around 40% in the 5 g/l probe. This also
refers to a less permeable pore structure of a more hindered water movement in
the 5 g/l model waste package.

HI. The initial part of the decay curves: a reproducible anomaly was found in the
decay curve of the 5 g/l probe over the first hours of the measurement (see in
Figure 30, inset). The reproducibility of this refers to a real phenomenon, which
may be associated with the dissolution and diffusion of some proton containing
components (e.g. complexing agents/ complexes) that contribute to the
measured proton signal. After the initial fast water diffusion from the surface
of the probes, the dissolution of some components increases the signal intensity
and reduces the diffusivity prolonging the intensity decay.

The obtained signal decays were fitted with the mathematical model derived by J.
Crank."® The presence of complexing agents also made the fitting process slightly
more difficult by increasing the detectable proton content of the system. For this
reason, it became necessary to modify the value of the a and the related parameter (p,)
indicating the volume ratio of D>O to H,O. Thus, it should be noted that we did not
measure only the diffusion of water. The decay curves were best fitted with the
assumption of three diffusion processes, and all the determined diffusion coefficients
indicated a strong restriction, meaning that D < Dpu= 2.3 x 10 m%s.'"* As expected,
in the 5 g/l probe the water diffusion was slower (D; = 1.2 x 1073, D, =2.6 x 103
m?/s and D; = 4.8 x 10"'2 m%/s), than in the 20 g/l sample (D; = 5.2 x 102, D= 6.6 x
102 m%s and D3 = 3.6 x 10°'! m%/s) similar to that of the 20% metakaolin containing
base matrix. The slower diffusion processes (D;:) may be assigned to restricted
movement of water in smaller pores (e.g. in the CSH gel) and the presence of slowly
moving components (e.g. metal-complexes seen in the 'H- NMR spectra). While the
faster diffusion process may take place in the large capillary pores of the cement
matrix. The one-order-of-magnitude difference of D in the two samples indicates a
more restricted water diffusion in case of 5 g/l concentration probably caused by the
lower permeability of the cement matrix.
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Porous structure of the cemented modal waste packages

So far, the effects of the complexing agents on the retention capacity of cement
have been analyzed, and from here we change the perspective to the porous structure.
The effect of the model radioactive waste (model ions and complexing agents) on the
porous structure of solid cementitious matrix was studied in dry state through SEM
images, while it was characterized in aqueous states by 1D and 2D NMR relaxometry.

One of the most direct techniques to examine the macroporous structure of
cementitious materials is SEM, which not only shows pores but also precipitated
hydration products (see in Figure 31).
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Figure 31. Scanning electron microscopy images of 0-20 g/l complexing agent containing
cement specimens showing the precipitated hydration products (CSH- calcium silicate hydrate,
NiAl-LDH- nickel-aluminum layered double hydroxides, Calcite and Friedel’s salt).
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While in pure cement specimens, the presence of calcium- silicate hydrate (CSH),
portlandite and ettringite (Aft) is clearly identifiable, in the model waste packages
only the first one appears with great certainty. In the presence of the model radioactive
waste compounds, the soluble salts alter the microstructure of cement, through
influencing the ionic strength of the pore solution during cement hydration and by ion
substitution in the hydrate phases.?** Thus, instead of the ordinary cement phases,
other similar products may form: foil- like NiAl- layered double hydroxides (NiAl-
LDH) similar to hydrotalcite?*!*33 or hexagonal-like Friedel’s salt (CasAly(OH)12Cly
* 4 H,O) similar to Afm phase?4?3® (see marked in Figure 31). These precipitates
may be identified up to 15 g/l complexing agent concentration, until the amount of the
model ions is larger than that of the complexing agents. The complexing agents in the
model waste enhanced the formation of Ca(CO)s forms, like cubic-shaped calcite,
which may be observed above 10 g/l conentration.*> 2" 23¥ No significant difference
is observable between the porous structure of the five samples in the micrometer size
range.

The porous structure of the cemented model waste packages in aqueous states was
studied by NMR relaxometry. The resulting 7> relaxation time distribution curves of
the samples are shown in Figure 32a, compared to pure cement and the 20%
metakaolin composite as a reference. The assignment of the 7> relaxation time
domains to pore types was according to the previous ones in Section 5.1. Comparing
the 7> distributions in Figure 32a, it is observable that the presence of the model
radioactive waste caused the slight merge of the characteristic relaxation time domains
and a minor change in their contributions. The latter is more pronounced in the change
of the relative amplitude values of the 7> peaks (see in Figure 32b).

The model ions itself (0 g/1) increased the contribution of the smaller pores (A4;.2),
which is more visible in the case of complexing agent containing samples, where the
ratio of 4; apparently increased. Since these are heterogenous, complex systems, the
increasing contribution of the smaller pores may be explained by numerous
phenomena like /) the additional precipitation of hydrate phases, seen by SEM, or 1)
the change of the mechanism of cement hydration due to additives (e.g. retarding
effect of EDTA?*). Wang et al. studied the effect of Na,-EDTA on the pore structure
of hardened cement pastes by MIP measurements and found that it did not affect the
size of the pores but slightly reduced the volume of them (mainly above 300 nm
diameter).?*” A similar trend is noticeable in 43 in the presence of complexing agents
(see in Figure 32b).
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Figure 32. a) The 7> relaxation time distribution in the cemented model waste packages
compared to pure Portland cement (CEM, black) and the 20% metakaolin containing
composite (+20%MK, grey). The identified pore types are marked on the figure as follows: 1-
intra CSH sheet pore, 2- inter CSH gel pore, 3- capillary pore. b) Effect of complexing agents
on the amplitude of water in different pores (numbers in the subscripts indicate the pore type
1-3).

The permeability of the porous structure of the 5 g/l and 20 g/l complexing agent
containing samples was studied by 2D T;-T> correlation NMR relaxometry. The
obtained 2D T;-7> correlation maps are shown in Figure 33, where in the diagonal,
the characteristic pore types (1-3) of cement can be distinguished. As detailed in
Section 5.1.2, the degree of peak separation provides information about the
permeability and openness of the pores.>® ** In the case of the 5 g/l specimen, the peaks
are more separated compared to the 20 g/l sample, which in accordance with the
obtained diffusion processes (see in Figure 30), indicates a less permeable pore
structure.
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Figure 33. 2D T;-T> relaxation correlation maps of a) 5 g/l and b) 20 g/l complexing agent
containing cemented model waste packages with the characteristic pore types in the diagonal
(1- intra CSH sheet pore, 2- inter CSH gel pore, 3- capillary pore). The dashed (7,=27>) and
dotted (7;=4T>) lines show the shifted principal diagonal.
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The more permeable structure of 20 g/l samples is also apparent from the
observable off-diagonal cross peak on the 2D map, since cross-peaks refer to chemical
exchange between different water types.> ® ¢ The principal diagonal shifted to
T7=2T>, thus the interaction strength between the solid surface and water is similar to
that in pure cement and the base solid matrix (+20% metakaolin), see in Section 5.1.2.

In summary, it was shown that at low complexing agent concentration (5 g/l), the
less permeable porous structure of the solid matrix restricted greatly the diffusion of
water in it, however, the leaching of the model ions was enhanced due to the formation
of metal- complexes. By contrast, in the case of the 20 g/l sample, the leaching of
model ions was more restricted due to the presence of large amounts of free
complexing agents and their competition with metal-complexes. Thus, the combined
examination of the structural and leaching properties of samples gave a more nuanced
picture of the behavior of the model ions in the cemented waste form.

Although radionuclides were simulated in these experiments, it is expected that
using active isotopes would yield similar leaching, diffusion, sorption, and
complexation behaviors, since radioactive and stable isotopes have nearly identical
chemical properties.'* However, radiation from active isotopes may induce structural
and thermal effects in the cement matrix—such as gas formation and heat
generation—that could slightly alter cement stability and radionuclide release.**!

5.2.2. Long-term effect of the waste storage conditions

Monitoring the degradation of cemented waste under real disposal conditions can
shed light on the structural changes that occur during the application and the
degradation of the hydrate phases, which ultimately affect the sorption capacity and
long-term stability of the binders. Ground water may occur in most repository
locations after closure, which means the principal degradation of cement in a near-
surface waste disposal facility.?® 2% The hydrate phases of cement are not in
equilibrium with the infiltrating water and can dissolve partly upon contact due to the
drop of the alkalinity of the pore solution.?® However, these degradation processes
take place over several tens of thousands of years.?% %8

In this section, the structural change and degradation of model cemented waste
packages under real storage conditions over 10 months are summarized. Model waste
packages with 5 g/l and 20 g/l complexing agent concentrations were set in the western
ditch of the NRWR at three different locations (dry, stagnant water, flowing water
area). Their structural change and degradation were followed for 10 months by NMR
relaxometry as it is a sufficiently sensitive method (see in Section 5.1.1). We also plan
to conduct longer-term studies with the remaining samples in the repository (with an
annual sampling cycle). The resulting 7> relaxation time distributions of the two
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samples at various locations are shown in Figure 34. The characteristic pore types of
cement could be identified and are marked on the distributions. The effects of the
different locations are the following:

e Dry location: In the case of samples stored under dry conditions, the drying-
induced water loss of the CSH gel was observed similarly to cement detailed in
Section 5.1.1. The main changes can be observed in the first three peaks assigned to
the intra CSH sheet and inter CSH gel pores (marked with 1 and 2. in Figure 34a, d).
The amplitude of the 1% peak clearly decreases over time in the case of the 20 g/l
sample, while it is quite stable for the 5 g/l sample. The 2" and 3" peaks, in addition
to the decrease, also slightly shifted to longer 7% relaxation times for both samples. As
cement dries out, the occurring surface effects (e.g. capillary pressure, osmotic
pressure) cause the shrinkage of the CSH structure and the drying-induced formation
of coarser pores within the gel.!** %+ %9 The mobile water content of the capillary
pores (see in Figure 34a, d) did not significantly contribute to the 7> distributions of
the waste packages but slightly decreased over time. The remaining proton signal of
these peaks may be assigned to water entrapped in closed pores. The water loss of the
cementitious samples is more pronounced in the amplitude change of the water
domains. The water content (4) of both the 5g/l and the 20 g/l samples decreased to
~40% of that of the control sample in 2 months. Then, in the following two months
the water content increased by 20% (to ~60% of the control sample), indicating the
water uptake of the CSH gel. We assume that this may be caused by the varying
humidity of the air in the repository. After 4 months, the water content of the samples
decreased gradually over time.

o  Stagnant water location: In the case of samples stored under stagnant water
in a pit, the peaks assigned to the CSH gel (marked with 1. and 2. in Figure 34b, e)
do not vary significantly over time. However, it is visible that the water content of the
porous structure increased in the aqueous environment, as the area of the peaks and
their amplitude shows. The increase in the 4; and A (see in the insets of Figure 34b,
e), may refer to the swelling of the CSH gel (opposite to drying in the previous
pOil’lt).l44’ 153
The increase in the 43 assigned to the capillary pores, as well as the broadening of
these peaks compared to the control sample may imply the dissolution of complexing
agent and model ion containing precipitates resulting in more permeable, less
separated pores. This process is more pronounced in the case of the 20 g/l sample. The
peaks assigned to the capillary pores shift to shorter relaxation times in Round 4 and
5, indicating the somewhat compaction of the structure.
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Figure 34. The effect of real conditions on the 75 relaxation time distributions of the cemented
model waste packages with 5 g/l (left) and 20 g/l complexing agent contents (right). The three
distinct placement points were: a, d) dry, b, e) stagnant water and ¢, f) flowing water. The
identified pore types are marked on the figure as follows: 1- intra CSH sheet pore, 2- inter
CSH gel pore, 3- capillary pore. The inserted graphs show the change of the amplitudes
assigned to the water types over time.

e Flowing water location: In the case of samples placed in flowing water, the
swelling of the CSH gel is also observable (4; and A4; in Figure 34c, f), however here
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the contribution of the larger pores (45) is more notable and increases over time. It can
be also seen on the 7% relaxation time distributions, where the position of the peaks
assigned to the capillary pores fluctuated significantly. This can also refer to the
dissolution of complexing agent containing precipitates, similar to stagnant water.
However, here the volume of this process is larger, due to the higher concentration
gradient caused by the constantly refreshed, flowing water, which facilitates the
dissolution of the precipitates and the increasing macroporous character of the
samples. The precipitates seen on the outer surface of the sample also support these
assumptions. Based on these results so far, flowing water has had the most significant
influence on the porous structure of the binders.

The aqueous environments had a slightly greater impact on the 20 g/l samples
compared to the 5 g/l, as expected from the results presented in Section 5.2.1: the less
restricted water diffusion and the more permeable porous structure in case of the 20
g/l specimen.
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5.3. Examination of the repository’s multi-barrier system

The final step of nuclear waste management is the disposal of radioactive waste in
a licensed repository facility without intention of retrieval.'?> The repository should
ensure long-term safe disposal of radioactive waste and isolate the waste from the
biosphere.!> ¢ Usually, the multi-barrier concept is used for containment, which
consists of engineered and natural restricting barriers.'> 1% '8 These barriers ensure that
radionuclides decay below exemption levels before their possibly release.!? The
engineered barrier system (EBS) contains /) the solidified waste package, /1) the
metallic container, //]) backfill materials (e.g. clays, concrete), while the host rock of
the repository is the natural geological barrier (NGB). !¢

Here, after the comprehensive characterization of the binding materials and the
model waste packages, our perspective shifts towards the examination of other parts
of the multi- barrier system, namely to bentonite as a backfill material and the Boda
Claystone Formation as a possible natural geological barrier.

5.3.1. Bentonite- Engineered barrier

The engineered barriers of a repository should ensure complete containment of
short-lived radionuclides.'® While the solidified waste form and the metallic container
limit the potential leaching of radionuclides to the groundwater, backfill materials
should delay the possible emission of radionuclides to the environment as well as limit
water flux toward the waste package.'® 2> Backfill materials are used to fill the void
spaces in the repository to limit water intrusion and to prevent the release of
radionuclides through their sorption properties.'® Swelling clay, such as bentonite, can
ensure both processes. Bentonite is a high montmorillonite containing smectite clay
mineral, known for its high swelling capacity and sorption properties.
Montmorillonite is a layered aluminosilicate mineral consisting of silica-, aluminum-
and oxygen-based, negatively charged, octahedral and tetrahedral layers (TOT
structure).?**2%’ The negative charge of the TOT layers is compensated by the counter
ions (e.g. Na*, Ca*") located in the interlayer spaces. 2**2*" Bentonite, due to its layered
structure, can bind water through swelling and restrict the diffusion of water, while
the constant negative charge between the layers allows the sorption of cations.
However, the degree of interaction with water is significantly influenced by the
structure of bentonite, including the arrangement of the tetrahedral and octahedral
planes and the quality of the cations incorporated between them. The structure of
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bentonite can be interpreted with three different structural units on different size-
scales (see in Figure 35).24
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Figure 35. The schematic multi-scale structure of bentonite, based on the work of Salles
et al.?

On the microscopic scale we can talk about the negatively charged TOT layers and
their exchangeable counter ions, on the mesoscopic scale these layers associates to
ordered lamella stacks (particles), while on the macroscopic scale the aggregates of
these particles can be discussed according to Salles et al.>*

The aqueous behavior, the structure and swelling properties of montmorillonite is
extensively  studied for example by thermogravimetric  analysis®*®

thermoporometry?®, particles size distribution method**, NMR spectroscopy>*> 243

250-252 35 well as modeled by computational techniques.?** 246 247.253 [n this section, the
investigation of the structure and swelling kinetics of two bentonite samples (Ca- and
Na-bentonite) is presented at different water contents and over time by NMR
relaxometry. The diffusion of water in the water saturated samples at equilibrium state
was studied by PGSE NMR.

The obtained 7> transversal relaxation times of water confined in the two bentonite
samples at different water contents are shown in Figure 36. Two-three different water
domains may be distinguished in the bentonite samples, which is expected based on
the presence of various sized pores in bentonite and the complex electrochemical
interactions (e.g. hydrogen bonding, osmotic attraction by the electric double layer
charged surface- dipole attraction, London dispersion forces) between the bentonite

particles and water.?>® The water domain with the shortest relaxation time (7%~ 0.2-
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0.9 ms, marked with dark blue diamond in Figure 36a) may be assigned to the
interlamellar water in the interlamellar spaces. Water in the smaller interparticular
mesopores (72~ 1.2- 8.7 ms, marked with orange triangle) and in the mesopores
between the aggregates (7>~ 10- 72 ms, marked with blue circle) has somewhat
greater mobility and is more sensitive to the increment of the water content. This last
domain dominates (4., see in Figure 36b) in the Na-bentonite sample, while it is not
present in Ca-bentonite.
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Figure 36. The effect of the added water content on a) the 7> relaxation times and b) amplitude
of water confined in Ca- and Na-bentonite. Water domains in different confinements are color
coded: interlamellar space (75, dark blue, diamond), interparticular mesopores ( 725, orange,
triangle) and larger mesopores between the aggregates (7>, light blue, circle).

With increasing water content, the characteristic relaxation times showed a
minimal increase in the case of Ca-bentonite, while in the case of Na-bentonite, a
significant increase was observed, indicating the greater swelling capacity of the
latter. A similar increasing trend was found by NMR in several studies.?*> 245250 [n
the case of samples with the highest water content (2.2 g/g for Ca-bentonite and 8.5
g/g for Na-bentonite), the swelling process was followed in-situ by repetitive
measurements (see Figure 37a, b) for 2-4 days. Most changes occurred in the 7
relaxation time of water located in the larger mesopores between the bentonite particle
aggregates, the amount of which is dominant in Na-bentonite (~70% of the water
content), contrary to Ca-bentonite, where it is less than 1% of the water seen by NMR
and disappears in the fully swollen sample (see inf Figure 36a). This difference
between the bentonites is well visible on the 7> distribution curves shown in Figure
37¢, d.
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Figure 37. The change of the 7> relaxation times over the swelling of a) Na- and b) Ca-
bentonite with the indication of the different water types: interlamellar space ( 724, dark blue,
diamond), interparticular mesopores (72, orange, triangle) and larger mesopores between the
aggregates (7>, light blue, circle). The 7> distribution curves of ¢) Na- and d) Ca-bentonite at

the end point of the swelling measurement, where the contribution of the water types is
highlighted.

Comparing the changes of the 7, relaxation times over time in the case of the
bentonite samples (see Figure 37a, b) it can be clearly seen that the value of 7%, and
T5 (water in the interlamellar space and interparticular mesopores) is lower in the Ca-
bentonite samples, while 7, (water between the aggregates) is longer compared to the
Na-containing one. It indicates the more bound state of water in the smaller pores, and
the less hindered movement of water in the larger mesopores in the Ca-analogue. In
contrast, the mobility of water in the larger mesopores of Na-bentonite is restricted by
the swelling solid phase.

Upon hydration, three main swelling processes characterize the structural changes
of smectites, such as bentonite: a) crystalline swelling, b) osmotic swelling, and c)
Brownian swelling.?**2>* 255 Crystalline swelling occurs between TOT layers as water
molecules shield the attractive interactions between the counterion and the clay layers
involving the formation of 1- 4 layers of water molecules in the interlamellar
spaces.?* %% 255 Osmotic swelling is an entropy driven process caused by the different
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counterion concentrations in the interlamellar space and the mesopores.?** 234 255 Ag

the counter ions diffuse and absorb on the external surface of the lamellas, a Stern-
and diffusive layer may form on their surface causing the weakening of the attractive
van der Waals force between the lamellas according to the DLVO theory, which may
result in the separation of the layers.?**: 2 Brownian swelling is also an entropy driven
process occurring in highly diluted systems and means the thermal motion/ spread of
the separated bentonite layers.?>* 2> While the swelling of Na- bentonite can be both
crystalline and osmotic, Ca-bentonite mainly can go through crystalline swelling.?*

The swelling kinetics of bentonites were studied by fitting the swelling curves
derived from the 7> transversal relaxation times with several kinetic models applied
for swelling polymers in the literature.?*2* We elaborated this novel kinetic
modeling procedure based on 7> relaxation data on swelling biodegradable
crosslinked polymers, and the method seemed to be applicable for swelling bentonites
as well, according to the following.?*

The swelling kinetics of swelling materials (e.g. polymers) are usually deduced
from the solvent uptake of the solid network in time. The ratio between the weight of
the swollen solid at ¢ time (m,) and that of the dry solid (my) results in the swelling
degree (SD%), which changes in time like a saturation curve as the solvent enters the
porous structure and reaches an equilibrium state. Here, the change of the 7>, was
matched to the SD% considering the surface relaxivity (&) of bentonite and the bulk
liquid relaxation time (72s.) constant in Equation 7, since the quality of the bentonite
is the same during the swelling:

SD(%) =DM 100 ~ 2071200 100 21)
mg T3 (0)

where T5(2) is the relaxation time constant of the swelling liquid at ¢ time, 7% is the
relaxation time constant in the initial state of the liquid.**® The derived SD%(T>) -
swelling time curves are shown in Figure 38a.

Numerous kinetic models exist for the description of the swelling mechanism of
hydrogels, which are well summarized in the study of Adnadjevic and Jovanovic.?®
These models were tested on the two bentonite samples, among which the second-
order kinetics model described best the swelling process of the bentonites (see in
Figure 38b). This model was proposed by H. Schott to describe the swelling of
semicrystalline cross-linked polymers, where many kinds of polymer - solution
interactions (e.g., H- bonds, dispersion effects, looping of mesh chains) may be
present, which is not considered in the first-order kinetics model.?%% 25825
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Figure 38. a) Swelling isotherms (SD% as a function of time for Na- and Ca-bentonite samples
in water at 298 K derived from the 7>, relaxation time values. b) #SD(T>) as a function of
swelling time for bentonite samples with their fittings.

The second-order kinetics model gave better fits also for diffusion-controlled
swelling compared to the other one.?**25® The second-order kinetics assumes a linear
relationship between the #SD% and time for the entire swelling period:**®

t 1 1 (22)

SD ~ SD ksXSDgq?

eq

where SD., is the swelling degree at the equilibrium, £; is the second-order swelling
rate constant. This model presumes that the swelling rate depends on the available
swelling capacity of the material at time ¢ and on the so-called internal specific
boundary area enclosing the sites, which have not interacted with the solvent at time
t yet but are supposed to do it later.?*® 2%° This finding can be attributed to the surface,
where secondary interactions exist between the clay particles/ layers that will break
due to swelling and permitting the expansion of the layered structure.

The second-order swelling rate constants of the saturated bentonites were derived
from the linear fittings of #/SD(T3) curves are k= 0.02 1/h for Na- bentonite and ks~
0.002 1/h for Ca- bentonite. These rate constants may be assigned to the osmotic
swelling of bentonite, which is not notable in Ca-bentonite, as the small amplitudes
of this domain (4., marked with light blue in Figure 37d), and the slow swelling rate
constant shows. Magzoub et al. also applied the second-order kinetics model for the
swelling of Ca/Na bentonites measured by particle size distribution method and
obtained rate constants in the range of 0.002- 0.124 1/h.%%

The structural change of the water saturated bentonites during osmotic swelling in
our interpretation is the following: after immersing the bentonites, especially Na-
bentonite into water, the solvation and crystalline swelling of the TOT layers happen.
After that the hydrated counter ions and water may diffuse and absorb on the external
surface of the lamellas creating an electric double layer, which decreases the
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secondary interactions between the lamellas/ particles and allows the expansion of the
solid structure through osmotic swelling. This process is described in more detail in
the Appendix.

In swollen bentonites lamellas, particles and aggregates can restrict the free
movement of water molecules; thus, studying their self-diffusion may provide
additional information about the solid structure and its permeability. 06108 236. 261 The
diffusion of water was measured only within the swollen Na-bentonite by high-field
NMR diffusometry (DOSY), since the fast relaxation of the most dominant water
domain doesn’t allow the diffusion measurement in Ca-bentonite (Figure 37d).
According to 7> relaxation times of water in Na- bentonite (Figure 37¢), the diffusion
of water between the aggregates in larger mesopores may be detected during the
measurement. The obtained 'H DOSY NMR spectra is shown in Figure 39a. The
measurements were performed using several diffusion times (4). Figure 39b shows
the diffusion time dependence of the determined diffusion coefficients (D= 7.5 x 10
10.1.7 x 10 m?/s), the value of which is in all cases lower than that of bulk water
(Dpun= 2.3 % 10 m%s) indicating the somewhat restricted diffusion of water.!'* At
longer diffusion times, where more time is available for the molecules to diffuse, the
exponential decay of the 'H proton signal could be fitted with two exponentials
(Equation 9) as well, resulting in two diffusion coefficients (D;.; in Figure 39b). The
faster diffusion (D>~ 1.7 x 10" m?/s) was similar to the ones gained from the single
exponential fitting (D~ 1.5 x 10" m%/s), while the more hindered diffusion process
(D3~ 7.5 x 107%), became detectable only at longer diffusion times, was almost an
order of magnitude slower than D;. Similar values were found in literature, while
Dvinskikh and Fur6 also found two diffusion processes in Na-bentonite.?!: 2% 262 The
D—A curves are usually S-shaped and can be divided into three parts: free, restricted,
and hindered diffusion regions.' 7 However, in our sample no diffusion time
dependence of the diffusion coefficients could be clearly observed, thus this may
mean that due to the permeability of the pore structure, the interpore diffusion is
averaged, thus hindered diffusion region is reached. % 197

In this region, the permeability (K) and the tortuosity (7) of the porous system can
be determined. The permeability of a solid means its ability to transport fluid, while
tortuosity indicates the diffusion path taken by the fluid in the porous structure, which
greatly depends on the heterogeneity of the solid.?**2* According to Carman- Kozeny
law, these two parameters are in correlation.?%> 264 Tortuosity (7) can be calculated
from the ratio of the self-diffusion coefficient (D.,) measured at long diffusion time
(4) and that of the bulk liquid (Dy), as D¢/ D= T. Thus, the tortuosity of Na-bentonite

happened to be 7= 1.5 (calculated from D;). According to Nakashima, this is the
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predominant factor affecting the diffusivity of water in bentonite in NMR
251

measurements.
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Figure 39. a) 'THDOSY NMR spectra of water confined in swollen Na-bentonite. b) Diffusion
time dependence of the diffusion coefficients derived (500 MHz, 298 K, ns= 64).

In summary, in this section the aqueous behavior of two bentonite samples was
investigated with NMR which gave insight into the porous structure, the swelling
mechanism of the bentonites as well as the characterization of the water diffusivity
within the heterogenous swollen structure of them.

5.3.2. Boda Claystone Formation- Natural geological barrier

Geological formations are essential isolation barriers in geological repositories, the
main purpose of which, beside the isolation of the waste form the biosphere, is the
limitation of the possible release of long- lived radionuclides over several thousands
(ILW) or several hundreds of thousands of years (HLW, SFW) from the progressively
degrading engineered barriers.'® Deep geological disposal is one of the main concepts
of geological disposal, meaning the location of waste at > 3 km depth, limiting any
possible transport of radionuclides to the environment.'® For this kind of repository, a
suitable host rock is necessary, which should have favorable chemical, physical,
geometrical, mechanical properties and be a uniform rock formation in a relatively
simple geological environment.?®® Different types of rocks may meet these conditions,
like crystalline, sedimentary (i.e., clay) or evaporite (i.e., salt) rocks.'¢ In Hungary,
the Boda Claystone Formation (BCF) is a possible host rock for the installation of a
deep geological waste repository.
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In this section, two borehole samples of Boda Claystone Formation (BCF) from
different depth were investigated by low- field NMR to characterize the porous
structure and the petrophysical characteristics of the host rock, which essentially
influences the possible transportation process of radionuclides by the ground water.

In water-saturated rocks usually three different water types can be distinguished:
the non-evaporable clay-bound water, the capillary-bound water, and the movable
water (see in Figure 40)."'2 From the point of view of the host- rock properties, some
of the most important parameters are the permeability and the T5c..qy value of the rock.
The latter one enables the distinguishment of the free- fluid index (FFI) and the bulk
volume irreducible (BVI, see in Figure 40).'"> A further Thuu.of value for the clay-
bound water may also be determined; however, in this case, the overlap of the 7>
relaxation time constants of the clay- and capillary-bound water may make it
difficult.!?

CBW BVI FFl
+—r — —>
TZCuthf T2cu toff
Clay-
Matrix Bound
Water

< >

Total porosity

<+

Effective porosity
—
Producible porosity

Figure 40. The composition of a rock with the porosities, determined by the water domains.
The two typical T2au.o values distinguish the movable and non-movable water domains as well
as the non-evaporable clay- bound water and the capillary- bound water.!!?

The total NMR porosity (¢) of the rock sample, which is a lithology independent
porosity value?®, can be calculated from the intensity of the measured 7> decay curves
and the derived 7> distribution curves can be directly calibrated to porosity (see the y
axis in Figure 41).!"? The determined porosities of the borehole samples were the
following: ¢=1.5% for BCF1 and ¢= 5.8% for BCF2. Fedor et al. performed He-
pycnometry and MIP measurements on other BCF samples and found that the porosity
of the samples varied between 0.78 — 3%.% The porosity values obtained from NMR
are comparable with these.

The T relaxation time distribution of dry and water saturated borehole samples are
shown in Figure 41, where four types of water with different mobility can be
distinguished and assigned to pores of different sizes observed previously by Fedor et
al.?® The size of the pores was estimated according to Equation 7, assuming slit-like
pores and a surface relativity value (¢ ~ 2.7 nm/ms) calculated from the ratio of 75~
0.11 ms (main relaxation domain after drying) and 4 ~ 0.3 nm.”* 80328 The obtained
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pore size distributions are shown in the Appendix, Figure A9. The first fast relaxing
(7>~ 0.1 ms, d ~ 0.6 nm, ultramicropores) water domain in Figure 41 can be identified
as water bound to the clay mineral phase of the claystone. Water domains between
7>~ 0.7- 7.3 ms may be assigned to water filling the capillary pores (mesopores, 2 nm
<d <50 nm). Meanwhile, the last domain, visible around 7>~ 50 ms, can be identified
as water in the larger macropores of the claystone (d ~ 200- 500 nm).
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Figure 41. T, relaxation time distribution and the derived cumulative pore volume
distributions of a) BCF1 and b) BCF2 in water saturated (black curves) and dry (orange
curves) states. The vertical dashed lines shows the T2...o5 values, which separates the movable
(FFI) pore filling water from the non-movable (BVI) bound water in the rock.

The quantitative contributions of the different pores can be deduced from the
comparison of the areas of the 7> domains in the water-saturated state. In the case of
the BCF1 sample, the contribution of the ultramicropores (clay-bound water) was
51%, while that of the mesopores (capillary-bound water) was 43%, and it was 6%
for macropores (movable water). Contrary, in BCF2 the ratios were as follows: 77%
ultramicropores (clay-bound water), 20% mesopores (capillary-bound water), 3%
macropores (movable water), meaning this borehole sample contained more clay
mineral phases. By drying the samples, the intensity of the most bound type of water
slightly changes, while a significant decrease can be observed in the movable water
content (see in Figure 41, orange curves), the characteristic 7> values of which
slightly increase.

The Theuop values were determined from the intersection of the cumulative
porosities of the borehole samples in dry and water saturated states (marked with
dashed lines in Figure 41) according to the usual method applied by geologists.!?
Tocur-of Was slightly higher for BCF1 (0.12 ms) than for BCF2 (0.10 ms). Usually,
conventional reservoir rocks may be characterized with an exact Tsqu.o value, like in
sandstones 75cu-of 1S 33 ms, while it is 90-100 ms for carbonates and 3 ms is commonly
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used to identify clay bound water.?¢” There are cases when the commonly accepted
Tocur-of values are not suitable for the examined rocks, since many factors may
influence it (e.g. capillary pressure, lithology, pore characteristics, paramagnetic
impurities).!? Sedimentary rocks (e.g. shales and claystones) are good examples of
unconventional reservoirs, the complex pore network and small sized pores of which
make their characterization challenging. ¢’ Testamanti and Rezaee found that in
saturated shale samples most of the 75 relaxation times occurred below 3 ms, thus the
conventionally accepted clay bound water cut-off was unsuitable and instead they
received Toauro ~ 0.22 and 0.26 ms.?” They also highlighted that in case of shale
during drying temperature above 65°C caused the temporary loss of interlayer water
in clays and affected permanently the porous structure.?®’ This structural change and
water loss in the clay phase can result in a lower apparent porosity, which can affect
the determination of the Tiuu.o value. Thus, the low Tiu-qp values found in our
claystone samples may be the result of structural changes caused by thermal damage,
affecting the porosity, or maybe the determined 7:cu.oy values are suitable for
separating CBW/ (FFI+BVI) instead of FFI/ BVL. We do not yet have enough
information to decide this.

Assuming that the determined 7b..-op Values can be used to distinguish FFI and
BVI, the porosity of the rocks was divided (marked in Figure 41) between them. The
FFI/BVI ratio was 1.21%/0.35% = 3.5 for BCF1 and 5.28% /0.56% =9.43 for BCF2.

The lithology-independent permeability of a rock, which corresponds to the ability
of a rock to transmit fluids, can be estimated from its 7> relaxation time distribution.?¢
268-272 The two empirical models for the estimation of permeability (K) are the Kenyon

)*”* and the Timur—

model (also known as Schlumberger-Doll Research or SDR model
Coates model."> 27* The Kenyon model calculates the permeability based on the
logarithmic mean value of 7> distribution (75 .x) as a pseudo-average pore size, while
the Timur—Coates model uses the FFI/ BVI ratios determined based on the 75cu.qp
values, 112 266. 268274 Both two models were used for the permeability estimation of the

borehole samples:

Kspr = CLo™ Ty (23)
m rrI\"
Kcoates = (C%) (m) (24)

where ¢ is the porosity in percentage, C; and C> are empirical constants depending
on the lithology of the rock, m and n are statistical model parameters.2’* 2’° In the case
of unknown rock, the values of C;, m and n are typically set to 10, 4, 2

respectively.?’> 27
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The estimated permeability values were Kspr= 6.3 x 10" m?and Koares = 5.9 x 107
¥ m? for BCF1; and Kspr = 3.8 x 10" m? and Keoures = 9.9 % 10" m? for BCF2,
indicating a less permeable structure for BFC1. Fedor et al. found somewhat lower
values around 107 - 102! m? for other BCF samples by the pressure pulse decay
(PPD) method.?" »* Bernath et al. also studied the porosity and permeability of BCF
borehole samples by NMR logging measurements and found that the porosity, bulk
water content, and permeability are mainly related to cracks and cracked zones of the
rock.?”’® Their determined permeability values varied between 107- 10 mD
(millidarcy, 1D = 9.87 x 1073 m?) similar to our Keoues values.?’® The possible
drawback of the above-mentioned models may be that they estimate the K values
based on one variable and do not exploit the rich information content of the 7.
relaxation time distributions.?

The diffusion of water in the BCF2 borehole sample was followed by H,O- D,O
exchange diffusion technique similarly to the cementitious materials described in
Section 5.1.2 and Section 5.2.1. A relatively fast proton signal decay was found over
time as shown in Figure 42.
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Figure 42. The normalized intensity of the proton signal over time in BCF2 borehole sample.

The diffusion coefficients of water were determined with a mathematical model
derived by J. Crank'" and the decay curve was best fitted with the assumption of two
diffusion processes. The determined diffusion coefficients were D; = 9.6 x 10712 m?/s
and D> = 1.9 x 10'°'m?/s. These restricted water diffusion processes may take place in
the larger meso- and macropores of the claystone. These results confirm the
compactness and very low permeability of BCF, which makes it suitable for the
disposal of high-level waste.
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6. Comprehensive characterization of a waste repository facility
from the point of view of water diffusion

Water is the main medium for the transportation of radionuclides released from
solidified waste forms, thus knowing its mobility in the waste repository is crucial for
the long-term safe disposal of radioactive waste.?* 277

The self-diffusion coefficients (D) of water were determined at different levels of
the radioactive waste repository. The determined D values are summarized in Figure
43, where a quasi- enhanced, but still restricted water diffusion can be observed from
the inside, moving from the cemented waste form towards the host rock. In all cases,
2-3 diffusion processes could be distinguished. This proves that each single level of
the multi-barrier system can retrain the diffusion of water, thus the migration of

radionuclides.
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wasteform  barrier

Clay barrier Host rock
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Figure 43. The alteration of the self-diffusion coefficient of water from the cemented model
waste packages, through the engineered barriers (cement, bentonite), towards the geological
barrier (host rock). The dashed line shows the self-diffusion coefficient of bulk water (Dp.=
2.3 x 10 m?/s!14),
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7. Summary

The aim of my doctoral research was to investigate the properties of waste forms,
engineered barriers, and the geological environment for the final disposal of
radioactive waste. Through the comparison of the NMR relaxometry with other
structural characterization techniques it was shown that NMR relaxometry is a well
applicable technique for the comprehensive characterization of the micro- and
mesostructure of the main hydrate phase of cement, the CSH gel. It was also
confirmed that NMR relaxometry is a sufficiently sensitive method to test the drying
induced changes of cement. In conclusion, NMR relaxometry is a favorable method
for industrial applications as well, since it can be reproducibly used to investigate the
structure of wet and dry samples, or to monitor the formation/change of the structure
in situ.

The effect of two pozzolans (metakaolin and fly ash) on the structure formation,
hardened pore structure and surface properties of Portland cement was investigated.
It was found that metakaolin mainly increased the rate of the CSH precipitation in the
deceleration period (10-24 h), while fly ash affected the entire hydration process. FFC
NMR measurements combined with the 3-Tau model shed light on the stronger water-
solid interactions in the fly ash composite. The comprehensive structural investigation
of the composites showed that the metakaolin composites possessed a more
contiguous solid matrix with few macroscopic voids, where the porous structure is
dominated by the presence of micro- and mesopores. In the fly ash composites, the
remaining fly ash particles enhanced the heterogeneity of the structure and increased
the macro- and microporous features of the solid. These structural changes also
affected the diffusion of water within the solid, causing a more restricted diffusion
process in the metakaolin composite and a significant amount of remaining water in
the micropores for the fly ash composites. Regarding the aimed application of the
cement matrix, the substitution of cement with 20% metakaolin resulted in the most
promising binder for the long-term safe disposal of radioactive waste.

With the permission of PURAM, model cemented waste packages were prepared
based on the actual cementing recipe of radioactive waste. The probes contained
model ions and complexing agents in various concentrations, typical of real waste.
The model waste packages and the effect of the concentration of complexing agents
were studied in two main directions (pore structure and leachability). The following
trend was found relating to the leachability of the model ions: cesium> rhenium>
nickel. The leachability of the three ions with respect to the complexing agent content
was as follows: 0 and 20 g/l < 10 g/l <5 and 15 g/l, meaning that at certain
concentrations the leaching process is facilitated. Regarding the complexing agent
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content of the leachates, it was found that at 5 g/l concentration, the complexing agents
leached out in the form of various and multinuclear metal complexes as well as
transformed into compounds containing double bonds and rings, enhancing the
mobilization of the model ions. At 20 g/l concentration, the greater leaching of
calcium complexes, in addition to other metal complexes, was observed. Under the
influence of complexing agents and model ions, a few new cement hydrate phases
were formed (e.g.: NiAl-LDH, calcite), which increased the contribution of the
smaller pores and slightly reduced the volume of larger pores. The effective diffusion
coefficient of the model ions quasi decreased with increasing concentrations. In the
case of the 5 g/l sample, a one-order-of-magnitude slower, anomalous water diffusion
process was observed, compared to the 20 g/l sample, caused by the lower
permeability of the cement matrix. Furthermore, moving beyond basic research
towards application, the behavior of model waste packages under real disposal
conditions was studied in the NRWR. Changes in the pore structure of the specimens
indicated a significant effect of flowing water, while in the case of dry samples the
drying of the CSH gel was observed.

Two levels of the multiple barrier system responsible for the long-term safety of
radioactive waste repositories were also investigated: the engineering barrier (Na-,
Ca-bentonite) and the geological environment suitable for the disposal of high-level
waste (BCF). The structural changes of bentonite samples with increasing water
content indicated the greater swelling ability of Na-bentonite. The swelling of Na-
bentonite was monitored in situ and the modeling of the time dependence of the
measured 77 relaxation times indicated second-order kinetics swelling mechanism. In
the swollen Na-bentonite sample, two restricted water diffusion processes were
distinguished during HF-NMR measurements. In the case of the BCF borehole
samples, the T2 value characterizing the porosity and bound water content was
determined using NMR relaxometry. Two different water diffusion processes were
distinguished in the reservoir rock.

In summary, during my doctoral research, I characterized the different levels of
the multiple barrier system of radioactive waste repositories from a materials science
perspective, paying special attention to the examination of waste packages. The
diversity and complexity of the examined samples necessitated a multidisciplinary
approach and the combined application of various examination methods. With the
innovative combination of these methods, several key pieces of information (e.g.:
porosity, permeability, leachability, water diffusion) were obtained that are useful for
the safety analysis of radioactive waste repositories and the development of matrix
materials for waste packages.
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8. Osszefoglalas

Doktori kutatomunkam célja a radioaktiv hulladékok elhelyezése sordn alkalmazott
kotéanyagok, mérndki gatrendszer és a geologiai kornyezet tulajdonsagainak
(kioldhatosag, anyagszerkezet, permeabilitas) vizsgalata volt, foként folyadék fazisu
NMR spektroszkopias modszerekkel. Kutatomunkam harom f6 részre volt oszthato,
az eredményeket eszerint a felosztas szerint ismertetem.

Radioaktiv hulladékok végleges elhelyezéséhez kapcsolodo kotoanyagok

Els6ként a hulladék kondicionalasara alkalmas kotdanyag, a Portland cement vizes
¢és szaraz kozegli porusszerkezeti jellemzését végeztiik el komplex mddon, szamos
szerkezetvizsgald modszer egyiittes alkalmazasaval, mely sziikséges kiindulasi alap
volt az egyes adalékok hatdsanak vizsgalatdhoz és képet adott a valos koriilmények
kozott lejatszodo folyamatokrol (szaradas). Az eredmények megerdsitették, hogy az
NMR relaxometria egy jol alkalmazhaté technika a f6 cement hidrat fazis, a CSH gél
mikro- és mezostrukturajanak atfogo jellemzésére, a kiilonb6zo6 porusok 7 relaxacios
id6 szerinti elkiilonitésére, valamint kellden érzékeny modszer a cement szaradas
okozta valtozasainak vizsgalatara. Osszefoglalva, az NMR relaxometria egy kedvezd
modszer ipari alkalmazasra is, mely reprodukalhat6an alkalmazhato nedves €s szaraz
mintak szerkezetének vizsgalatara, vagy a szerkezet kialakulasanak/valtozasanak in
situ monitorozasara.

Ezt kdvetden a két puccolan adalék (metakaolin, kdszénpernye) hatasat vizsgaltuk
a Portland cement szerkezetére és feliileti tulajdonsagaira. A puccolanok hatasat a
ramutatott arra, hogy bar mindkét puccolan néveli a CSH gél és aluminium tartalm
hidrat fazisok mennyiségét, azt a cement hidratacios folyamatinak mas- mas
szakaszaban teszik meg. Ennek ismerete a hulladékcsomagok kiontése soran lehet
(10-24 h) gyorsitotta a f6 hidratacidos termék kivalasat, addig a kdészénpernye a
folyamat minden szakaszat lassitotta. Az FFC NMR mérések a 3-Tau modellel
kombinalva ravilagitottak az adalék tartalmu mintdkban erésebb viz- szilardanyag
kolcsonhatasra a cementhez képest. A megszilardult metakaolin tartalmu
cementekben a viz diffuzidja lassabbnak bizonyult a kdszénpernyéhez képest, és az
adaléktartalom fiiggvényében 20 % aranynal mutatott minimumot. A poérusok
atjarhatosaga szempontjabol is 20 % metakaolin esetén talaltuk a leginkabb
elkiiloniilé porusokat és a legkisebb mértékii cserefolyamatot a 7;-7> korrelacios
mérések alapjan. A készénpernye 20 %-ban a cementhez adagolva szintén javitotta a
megszilardult kotdanyag mikroporusos szerkezetét és novelte a megkotott
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viztartalmat. Azonban ezzel parhuzamosan nott minta makroporusos jellege is, mely
vizdiffuzid szempontjabol kedvezdtlen. Ezzel szemben a metakaolin a cement mikro-
¢s mezoporusos jellegét novelte, mely kevésbé permeabilis, homogénebb és
Osszefiiggd szilard matrixot eredményezett. gy a metakaolin kedvezébb
adalékanyagnak bizonyult a radioaktiv hulladékok hosszu tavu biztonsagos
elhelyezése szempontjabol.

Valos hulladéktarolas koriilményeinek hatasa

Az RHK Kft. engedélyével a valdsan alkalmazott cementalasi receptira alapjan
készitettink modell hulladékcsomag probatesteket, melyek a cementen ¢és
metakaolinon til a valés hulladékot jellemzé modell oldatot, modell ionokat és
komplexképzoket tartalmaztak  kiilonb6z6  koncentracioban. A modell
hulladékcsomagokat két fo iranyvonalon (porusszerkezet és kioldhatdsagi
hatasat. A kioldhatdésagi tulajdonsagok vizsgalatara gyorsitott kioldasi kisérletet
végeztlink, majd meghataroztuk a kioldott fazisok modell ion (Cs, Re, Ni) és szerves
szén tartalmat ICP MS és nagyter(i NMR technikakkal. A modellionok kioldhat6saga
tekintetében a kovetkezd trendet tapasztaltuk: cézium> rénium> nikkel. A harom ion
kioldhatosaga a komplexképz6 koncentraciokra nézve a kdvetkez6képp alakult: 0 és
20 g/l <10 g/l <5 és 15 g/l, ami azt jelenti, hogy bizonyos koncentracioknal a
kioldédasi folyamat kedvezményezett volt. Az ionok effektiv diffuzids egyiitthatoja
kvazi csokkent a komplexképzOk koncentracidjanak novelésével. Az 5 g/l
komplexképzd tartalmi minta esetén egy elnyujtott, anomaliat mutato viz diffuzids
folyamatot talaltunk, a 20 g/l komplexképz6 tartalmu mintdhoz képest, melyben a viz
a 20% metakaolin tartalmi kompozithoz hasonléan mozgott. A kioldddott szerves
széntartalom nagyterii NMR spektroszkopias azonositasa soran, az 5 g/l minta esetén
egy komplex proton spektrumot kaptunk, mely kiilonbozo egy- és tobbmagvu
fémkomplexek, valamint kettés kotéseket és gylriiket tartalmazd 1) vegyliletek
jelenlétre utalt. Ezzel szemben a 20 g/l koncentracio esetén komplexképz6 agensek
foként Ca-komplexek formajaban mosddtak ki. A komplexképzok és modell ionok
hatasara szdmos 1j cement hidrat termék képzo6dott (pl.: NiAI-LDH, kalcit), melyek
csokkentették a nagyobb pdrusok és novelték a kisebbek hozzajaruldsat a cement
pérusszerkezetéhez. 5 g/l koncentracid esetén a porusszerkezet permeabilitasa
alacsonyabb volt, mely j6 egyezést mutatott a mért jelentdsen gatolt viz diffuzidval.

Ezenfeliil, az alapkutatason tul az alkalmazas iranyaban elmozdulva vizsgaltuk a
modell hulladékcsomagok viselkedését valés koriilmények kozott a Nemzeti
Radioaktivhulladék-taroloban (NRHT) harom kiilonb6z8 pontjan. A probatestek
porusszerkezetében bekovetkezd valtozasok ramutattak az atfolyd viz szignifikans
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szerkezetalakito hatdsara, mig a szaraz allapotii mintak esetén a CSH gél szaradasat
tapasztaltuk.

A hulladéktarolo tobbszoros gatrendszerének vizsgalata

A radioaktivhulladék-tarolok hosszi tavi biztonsagaért felelds tobbszoros
gatrendszer vizmozgas szempontjabol fontos két szintjét, a mérnoki gatat (Na-, Ca-
bentonit) és a nagyaktivitast hulladékok elhelyezésére alkalmas geoldgiai kornyezetet
(Bodai Aleurolit Formacid) is vizsgaltuk. A bentonit mintak ndvekvo viztartalom
hatasara bekovetkez0 szerkezetvaltozasa ramutatott a Na-bentonit kedvezd
duzzaddoképességére. A Na-bentonit duzzadasat in situ kovettik és a mért 7>
relaxacios idok idoéfiiggésének modellezése az agyagasvany masodrendii kinetika
szerinti duzzadéasara utalt. A duzzasztott Na-bentonit mintdban két gatolt vizdiffuzios
folyamatot tudtunk elkiiloniteni nagyteri NMR mérések soran.

A Bodai Aleurolit Formacio két kiilonb6z6 mélységbdl szarmazo furatmintajanak
porusszerkezetét, porozitdsat és a viz kotottségét jellemzd To-cuoy értékét NMR
relaxometriasan hataroztuk meg. A taroldé kézetben H,O- DO cserediffuizios
technikaval két kiilonb6zo viz diffuzids folyamatot talaltunk.

Osszegezve a doktori kutatdsom soran anyagtudomanyi oldalrol jellemeztem a
radioaktiv hulladéktarolok tobbszoros gatrendszerének kiillonb6zo szintjeit, kiemelt
figyelmet forditva a hulladékcsomagok vizsgalatara. A vizsgalt mintak soksziniisége
¢s komplexitasa szilikségessé tette a multidiszciplinaris megkdzelitést és a kiilonféle
vizsgalati modszerek egyiittes alkalmazasat. A vizsgalt szildrd mintdk t6bb ponton
elengedhetetlenné tették a folyadék alapti NMR modszerek optimalizalasat, uj mérési
moédok bevonasat a kutatdsba. A modszerek innovativ kombinacidjaval olyan
kulcsfontossagu informaciokat nyertiink (pl.: porozitas, permeabilitas, kioldhatosag,
vizdiffuzid), melyek hasznosak a radioaktiv hulladéktarolok biztonsagi elemzésének,
valamint a hulladékcsomagolasok matrixanyaganak fejlesztése szempontjabol.
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11. Appendix

Table Al. Diffusion coefficients (D;.3) of confided water in 10-30% metakaolin (Mc10-30)

and fly ash (Fc10-30) containing cement composites.

D, (m?/s) D, (m%s) D, (m?/s)
Mc10 | 3.7E-11 = 1.8E-13 7.5E-11 £9.3E-12 | 2.2E-12 +2.7E-14
Mc20 | 14E-11 +4.1E-13 22E-11 +1.9E-12 | 5.8E-12 +2.1E-14
Mc30 | 1.0E-11 =49E-14 5.0E-11 =£3.9E-12 | 94E-12 =+ 1 4E-12
Pcl0 1.6E-10 = 1.5E-12 | 53E-12 = 14E-13
Pc20 1.5E-10 £2.0E-12 | 2.2E-12 £2.2E-13
Pc30 3.7E-10 £ 1.0E-11 3.8E-12 £ 2 4E-13

Table A2. The determined rate constants (k) of the leaching kinetics of 33Cs, ®Ni and '%Re
from the small sized model waste packages at 7= 298 K. The standard errors (o) of the fittings
are shown.

Complexing agent concentration
Model 0gN 5g/ 10 g/ 15g/1 20 g/
ion
I's o k c k o) k o) k o)
133Cs | 0.28 | 0.02 | 0.26 | 0.01 | 0.28 | 0.01 | 0.31 | 0.02 | 0.28 | 0.01
6ONj - - 0.22 | 0.01 | 0.24 | 0.02 | 0.27 | 0.04 | 0.21 | 0.01
185Re | 0.28 | 0.03 | 0.22 | 0.01 | 0.25 | 0.01 | 0.24 | 0.01 | 0.24 | 0.01
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Table A3. The determined effective diffusion coefficients (D.) of '3Cs in the case of small
sized model waste packages. The relative errors (Er>) of the fittings are shown. The diffusivity
of the model ion was determined using both the semi-infinite and the infinite models.
Complexing agent concentration

13305 0gl 5¢g/ 10g1

15¢/ 20 g/l

D Epe D Epe D Epe D

Epe D Epe
(m?/s) (%) (m?/s) (%) (m?/s) (%)

(m?/s) (%) (m?/s) (%)

Semr oy spa3 | 1573 | 17E-13 | 1305 | L4E-13 | 1426 | 17E-13 | 18901 | 95E-14 | 1186
infinite
LIE-LS 9-9E-14 8.5E-14 15E-13 | 45 | 6.7E-14
Infinite 04 0.04 0.3 - 03
3.0E-15 5.1E-15 4.9E-15 1.8E-15 13E-15

Table A4. The determined effective diffusion coefficients (D,) of ®*Ni in the case of small
sized model waste packages. The relative errors (Eg>) of the fittings are shown. The diffusivity
of the model ion was determined using both the semi-infinite and the infinite models.

Complexing agent concentration

o 0gl 5gl 1081 1581 20g/1
D Eq2 D Epe D Eq2 D Eq2 D Eq2
(m?/s) (%) (m?/s) (%) (m?/s) (%) (m?/s) (%) (m?/s) (%)
e A4E-16 | 136 | 25E-16 | 110 | 22E-16 | 224 | 79E-17 | 49
mfinite
Infinite 31E-16 | 001 | 21E-16 | 004 | 91E-17 | 005 | 6.6E-17 | 0.01

Table AS. The determined effective diffusion coefficients (D.) of '8°Re in the case of small

sized model waste packages. The relative errors (Er>) of the fittings are shown. The diffusivity
of the model ion was determined using both the semi-infinite and the infinite models.

Complexing agent concentration

195Re 0gl 591 10g1 15g1

20g1
Epe D Epe

(%) (m*/s) (%)
Semi- e s | osin | aseaa | 574 | 28B4 | 602 | 34E14 | 786
mfinite

D Epe D Epe D Epe D
(m*/s) (%) (m*/s) (%) (m*/s) (%) (m?*/s)

1.1E-14 38.6

Infinite | 5.1E-15 0.5 4.5E-14 0.03

3.0E-14 0.1 3.5E-14 0.1 1.1E-14 0.1
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Figure Al. Change of the a-c) 7> relaxation time values and d-f) amplitudes of water types in
different cement pores: intra CSH sheet (dark blue, diamond), inter CSH gel (orange, triangle)
and smaller capillary pores (light blue, circle) over the hydration of 10-30% metakaolin
containing cement composites.
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Figure A2. Change of the a-c) 7> relaxation time values and d-f) amplitudes of water types in
different cement pores: intra CSH sheet (dark blue, diamond), inter CSH gel (orange, triangle)
and smaller capillary pores (light blue, circle) over the hydration of 10-30% fly ash containing
cement composites.
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Figure A3. Fitting of the 7; dispersion curve of pure Portland cement at 7= 40 min of the
hydration process by 3TM fitting software provided by Kogon and Faux. 76
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Figure A4. Chemical structure of a) oxalic acid, b) citric acid and ¢) EDTA
(ethylenediaminetetraacetic acid).
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Figure AS5. HSQC NMR spectrum of the organic compounds leached from the 5 g/l
complexing agent containing model cemented waste package (500 MHz, 298 K).
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Figure A6. COSY NMR spectrum of the organic compounds leached from the 5 g/l
complexing agent containing model cemented waste package (500 MHz, 298 K).
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Figure A7. HMBC NMR spectrum of the organic compounds leached from the 5 g/l
complexing agent containing model cemented waste package (500 MHz, 298 K).
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Figure A8. DOSY NMR spectrum of the organic compounds leached from the 5 g/l
complexing agent containing model cemented waste package (400 MHz, 298 K).
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Figure A9. The derived size distribution curves of BCF1(black) and BCF2 (orange) samples
in water-saturated state.

Detailed kinetics of the swelling process of bentonite

The liquid uptake of bentonite over the swelling process depends on its swelling
capacity and the internal specific boundary area. The former means that bentonite can
only take up a certain amount of liquid (), which corresponds to its swelling capacity
(W.).% 2% The internal specific boundary area indicates the sites, which have not
interacted with the solvent at time ¢ yet but are supposed to do it later.?>® 2>° This means
that when bentonite gets in contact with water, water molecules can form two binding
sites, one for itself and one for another molecule by breaking the secondary
interactions.?>® The process can be described on the basis of the interpretation of
Schott by the following equations:?3% 258259

k
L+2W, 5 W+ W, (A1)

k
WS+L 5w (A2)

where L is the liquid, . is the swelling capacity of the polymer, W is the amount of
liquid taken up, and W, is the remaining liquid capacity. Expressing the liquid uptake
in time leads to Equation A3-A6:

2 = b (L) [WL12 + ke (L)W (A3)
e A | VAE AT /A (A4)
[w,] = “al e (A3)
29 = k(L) )? + Bl (a6
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Simplify with k>[L], Equation A6. turns into the following form:
I k(L)W (A7)
Due to the excess amount of the liquid, [L] can be considered as constant, and we
get to the second-order equation of swelling:
Y = ke W) = kg [ W, — W2 (A8)
where W, is the equilibrium liquid uptake, and k; equals to k; mentioned above.

The described process is schematically shown in Figure A10.
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II/\\In

Figure A10. Schematic picture of the bentonite swelling process according to the second-order
kinetics with the two, swelling rate-determining steps. L is the liquid, . is the swelling

capacity of the clay, W is the amount of liquid taken up, and W." is the remaining liquid
capacity.?>® The brown lines indicate the lamellas/particles in bentonite.
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