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Chapter 1

Introduction

1.1 Nuclear energy and radioactive waste

The prosperity of human society has been supported by mass consumption of
energy. Coal had been used as a major energy source since the industrial revolution until
giant oil fields were discovered in the Middle East in 1950’s, resulting in the decline in
oil price. Petroleum fuel displaced coal to become the major energy source, and the
consumption of energy further increased. In 1970’s, however, instability in the Middle
East caused the energy crises, and significant petroleum shortage and elevated prices
affected the economies of the major industrial countries. Vulnerabilities emerging from
the uneven distribution of energy resources among countries were recognized, and the
energy security, which is defined by International Energy Agency as “the uninterrupted
availability of energy sources at an affordable price” [1], has become an issue of great
importance. As the consumption of energy further increases, the world is now facing a
thereat of the depletion of energy resources, which is expected to be more serious due to
the economic growth of the developing countries and the increase in the global
population. In addition, climate change, being caused by emissions of greenhouse
gasses including carbon dioxide, has been added to a list of global energy issues. Thus,
sustainability of future energy resources, on which economic growth and community
prosperity depend, faces challenges including energy security, depletion of energy
resources, and global warming.

Renewable energy and nuclear energy are alternatives to fossil fuels. Although



renewable energy can be semi-permanently used without emission of greenhouse gases,
the initial cost or the generation cost is high. Wind and solar power generation is
unstable due to their dependence on weather conditions. Building of hydraulic power
plants has impacts on the natural environment. These disadvantages thwart the
promotion of renewable energy. On the other hand, nuclear energy can provide energy
at low cost without emission of greenhouse gases. In addition, uranium mines exist
throughout the continents, including number of politically stable countries, which is
favorable from an Energy Security perspective. For these reasons, Japanese energy
policy recognizes nuclear power as an important base-load power source.

Although nuclear energy is an important alternative energy to fossil fuels, use
of nuclear energy generates radioactive waste. In Japan, radioactive waste is classified
broadly into low-level radioactive waste (LLW) and high-level radioactive waste
(HLW), as shown in Table 1-1. LLW is further categorized into five types: very
low-level radioactive waste, relatively lower activity waste, relatively higher activity
waste, uranium waste, and transuranium (TRU) waste. The three types of LLW, very
low-level, relatively lower, and relatively higher activity waste, are generated in
association with the operation and decommissioning of nuclear power plants. The sum
of their volume generated by 2009 was approximately 600,000 drums of 200 L [2]. The
uranium waste is generated from uranium enrichment and uranium fuel fabrication
facilities, and the volume generated by 2009 was approximately 104,000 drums of 200
L [2]. TRU waste is generated from nuclear fuel reprocessing facilities and mixed oxide
(MOX) fuel fabrication facilities, and the volume generated by 2009 was approximately

145,000 drums of 200 L [2]. Another waste generated from nuclear fuel reprocessing



facilities is radioactive liquid waste, which is solidified in a glass matrix. In Japan, this
is classified in HLW. By 2014, 2,167 containers of vitrified HLW have been processed
[3], and they are stored in reprocessing facilities of Japan Nuclear Fuel Limited (JNFL)
and Japan Atomic Energy Agency (JAEA). There are also spent fuels stored to be
vitrified, which amount to be equivalent of approximately 22,600 canisters of vitrified
HLW by 2014. It is necessary to safely treat and dispose of LLW and HLW in order to
prevent radiation exposure. LLW and HLW are planned to be disposed of below the
surface of the ground at varying depths depending on the radioactivity levels of the
waste and the characteristics of radionuclides contained in the waste (e.g. half-life and
type of radiation) in order to protect human health from the hazard posed by radioactive

waste disposal, as shown in Figure 1-1.



Table 1-1

Generation, classification, and disposal method of radioactive waste.
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Figure 1-1  Disposal strategy for radioactive wastes in Japan [4].



1.2 Cement-based materials in radioactive waste disposal
1.2.1 Low-level radioactive waste (LLW)

The very low-activity waste of LLW is directly placed into trenches at shallow
depth (near-surface disposal, trench type). The concept of the trench type disposal is
shown in Figure 1-2. At trench type disposal facilities, rainfall will infiltrate through the
soil cover and reach the waste. As a result, radionuclides may dissolve from the waste
and migrate into the aquifer. The very low-activity waste includes a large quantity of
concrete, which is a hardened mixture of cement and water with aggregates (e.g. sand
and gravel), from, for example, decommissioning of the buildings and structures of
nuclear power plants. Trench type disposal will be managed for about 50 years by
monitoring the release of radioactive materials from the disposal facility and restricting
the land use. After the management period, the land can be released to general use. A
trench type disposal facility exists in a research facility of the Japan Atomic Energy
Agency (JAEA).

The relatively lower-activity waste of LLW is solidified with cement in drums
and is placed in concrete pit type disposal facilities at a shallow depth (near-surface
disposal, concrete pit type). The concept of the concrete pit type disposal is shown in
Figure 1-3. The concrete pit type disposal facilities are covered with bentonite in order
to prevent water from penetrating. In addition, inner walls of the pits are made of porous
concrete layer in order to drain water infiltrated from the outside. Bentonite and porous
concrete have a function to prevent water from contacting with waste. When water
reaches the waste and radionuclides in the waste are dissolved, cement-based materials

(filler and pits) and bentonite are expected to retard the migration of radionuclides. The



concrete pit type disposal facility will be managed for 300-400 years by monitoring the
release of radioactive materials and restricting the land use. After the management
period, the land can be released to a general use. There is a concrete pit type disposal
facility in Japan, which is managed by Japan Nuclear Fuel Limited (JNFL).

Relatively higher-activity waste of LLW is disposed of at a depth of 50-100
meters below the surface of the ground in order to maintain enough distance from
general underground use (sub-surface disposal). The concept of the sub-surface disposal
is shown in Figure 1-4. The cement-solidified radioactive waste in drums will be placed
into concrete pits in disposal tunnels, and the space between the waste and the pit walls
will be filled with cement-based materials. In addition, low diffusion layer
(cement-based materials) and low permeable layer (bentonite) will be set up between
disposal tunnels and concrete pits. The radionuclides may be released from the
cement-solidified waste when groundwater infiltrates into the disposal facilities. Then,
the cement-based materials (i.e. solidification, filler, and low diffusion layer) and
bentonite are expected to play artificial barrier functions and exhibit low diffusivity and
high sorptivity of radionuclides. Geological features are also expected to play a role of
natural barrier with sorptivity. Leaching of alkaline components from cement-based
materials including structural materials of tunnels and grout may deteriorate the barrier
performance of cement-based materials, as well as the barrier performance of bentonite
and geological features due to chemical alterations [5]. The sub-surface disposal
facilities will be managed by monitoring the release of radioactive materials and
restricting the land use. The management period is currently under consideration.

A part of TRU waste of LLW is disposed of in a deep geological formation at a



depth greater than 300 m in order to isolate the waste from the human environment for a
long time (geological disposal), because of the relatively high radioactivity and the long
half-lived radionuclides. The barrier system of geological disposal for TRU waste is
basically similar to that of the sub-surface disposal, while no low diffusion layer may be
set up. When groundwater infiltrates into disposal facilities and radionuclides may be
released from the waste, the release of radionuclides into biosphere will be prevented by
engineered (cement-based materials and bentonite) and natural (geological features)
barriers. Similar to sub-surface disposal, leaching of alkaline components from
cement-based materials including structural materials of tunnels and grout may cause
the deterioration of the barrier performance of cement-based materials (filler and
solidification), bentonite, and geological features [5].

A significant quantity of cement-based materials, as mentioned above, will be
used in LLW disposal for purposes including solidifying agents, structures, and
engineered barriers. Low diffusivity and high sorptivity of cement-based materials are
expected to retard the migration of radionuclides. Leaching of alkaline components
from cement-based materials, however, may be problematic in maintaining the barrier
performance of cement-based materials, bentonite, and geological features. Therefore, it
is very important to understand the migration mechanisms of radionuclides as well as
alkaline component in cement-based materials for the safety assessment of disposal for

LLW.

1.2.2 High-level radioactive waste (HLW)

The vitrified waste (HLW) will be disposed of in a deep geological formation



at a depth greater than 300 m in order to isolate the waste from the human environment
for a long time (geological disposal), because of the high radioactivity and the long
half-lived radionuclides. The concept of the geological disposal for HLW is shown in
Figure 1-5. The release of radionuclides into biosphere is assumed to be caused by
migrating through groundwater. The vitrified waste will be placed in carbon steel
overpacks, and they will be surrounded by low permeable bentonite in order to prevent
groundwater from contacting the waste for a certain period. When groundwater reaches
the waste, the release of radionuclides from the vitrified waste is limited by the low
dissolution rate of glass. When the dissolution takes place, bentonite and geological
features are expected to retard the migration of radionuclides released from the vitrified
waste by sorption and slow diffusion. In geological disposal of HLW, cement-based
materials are also used in large quantities as structural materials of tunnels and grout.
The leaching of alkaline components from the cement-based materials alkalizes
groundwater around geological facilities. The high alkaline groundwater may
deteriorate the barrier performance of bentonite and geological features [6]. Therefore,
it is necessary to elucidate not only the performance of engineered and natural barriers
but also the migration mechanisms of alkaline components in cement-based materials

for the safety assessment of geological disposal for HLW.
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Figure 1-2  Concept of the trench type disposal system in Japan [4].

Figure 1-3  Concept of the concrete pit type disposal system in Japan
[7].
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1.3 Diffusion in cement-based materials

Understanding the migration mechanisms of chemical species in cement-based
materials is very important for reliable safety assessment for disposal of LLW and HLW,
as mentioned in Section 1.2. Cement-based materials are hardened mixtures of cement
and water with or without aggregates (e.g. sand and gravel) and other admixtures (e.g.
fly ash and silica fume). Cement-based materials have a complex pore network
consisting of pores in hardened cement paste (HCP), which is the hardened mixture of
cement and water, and pores in interfacial transition zone (ITZ) between aggregates and
cement paste. The ITZ is a more porous phase than the bulk HCP and usually has a
width of 20-40 um. Cement-based materials have low hydraulic conductivity, and
chemical species diffuse in the complex pore network of cement-based materials. In
order to elucidate diffusion mechanisms in cement-based materials, it is necessary to
understand both the diffusion behavior in HCP and the influence of pores in ITZ.

The HCP has capillary pores with sizes in the range of a few nm to tens of pum,
gel pores with diameters smaller than 10 nm, and cement particles of progressing degree
of hydration [10]. Capillary pores are water-filled voids between cement particles, while
gel pores are fine pores formed in hydrates. Initial volume of capillary pores can be
estimated by a weight ratio of water to cement particles (i.e. water to cement (w/c) ratio).
As the w/c ratio increases, pore size is enlarged in addition to the pore volume increase,
as shown in Figure 1-6 and Figure 1-7. As hydration proceeds, hydrates are formed in
the voids between cement particles, and as the result, the volume and pore size of
capillary pore contracts, as shown in Figure 1-6 and Figure 1-8. The changes in w/c

ratio and degree of hydration influence on the geometry (tortuosity and constrictivity) of
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a complex network consisting of capillary and gel pores. However, it is difficult to
directly measure and to numerically describe the pore geometry (tortuosity and
constrictivity). From that reason, the diffusivity in HCP has been determined
experimentally, and its relationship to the microstructure of HCP has been examined in
two ways: 1) experimental approach relating the diffusivity with macroscopic parameter
(e.g. w/c ratio, porosity, etc.) and ii) analytical approach using a diffusion simulation in
three-dimensional microstructure of HCP or using a mathematical diffusion model.

In experimental approach, diffusion experiments are performed using HCP
with different w/c ratio (or different degree of hydration). The diffusivity in HCP (e.g.
HTO [11-13], dissolved O, [14], Cs" ion [15, 16], CI ion [14, 17, 18], I ion [15]) is
positively correlated to w/c ratio. The positive correlation of diffusivity in HCP with w/c
ratio has been related to changes in pore characteristics (pore geometry, pore size, and
porosity). However, a relationship between diffusivity and pore geometry cannot be
quantitatively discussed because of the difficulty in numerically determining pore
geometry (tortuosity and constrictivity). The threshold pore width, which is the
inflection point on the cumulative pore volume curve measured by mercury intrusion
porosimetry (MIP), can be linearly related to diffusivity [19], but the detailed diffusion
mechanism is unclear. In addition, the diffusivity in HCP can be also described as a
(power) function of capillary porosity (or MIP porosity), which is a well-known
empirical equation called “Archie’s law”. Numata et al. [11] reported that the effective
diffusion coefficient (D, ) of HTO in HCP was related to the MIP porosity (,,, ) by the

following equation:

D, =3.55x107" &) (1-1)
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Yamaguchi et al. [13] proposed the D, value of HTO in HCP as a function of the
volume fraction of capillary pores contributing on HTO transport (¢, ):

D, =4.16x107" . g% (1-2)
However, the percolation theory for capillary pores shows that the connectivity of
capillary pores is lost in microstructure below approximately 18 % of capillary porosity
(swp) [20]. Based on the percolation theory, Garboczi and Bentz [21] quantitatively

explained the relationship between the diffusivity of chloride ion in HCP and the

microstructure by the following equation:

2 < 0.001+0.0752, +H(z,,, —0.18)-1.8-(s,,, —0.18)", (1-3)

v

where H is the Heaviside’s step function of H (x)=0 for x<0,and 1 for x>0.
Although macroscopic approach using experimentally quantifiable data is useful and
practical with a valid empirical equation (i.e. Archie’s law), it does not elucidate the
mechanisms of diffusion processes.

Analytical approach is based on numerical model studies relating
microstructures to diffusion behaviors [12, 22]. Bejaoui and Bary [12] considered
diffusion pathways consisting of a combination of capillary pores, low density
calcium-silicate hydrate (C-S-H, which is a major component of OPC hydrates and
includes gel pores), and high density C-S-H to fit to the diffusivity data obtained from
experiment using HCP prepared at different w/c ratio. Kamali-Bernard et al. [22]
modeled three-dimensional microstructure of HCP to simulate HTO diffusion and
compared the results to experimental results. Both of the studies suggest the

contribution of gel pores to diffusion of HTO in HCP, although the contribution of gel
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pores to diffusion in HCP has not been yet experimentally demonstrated.

In addition to the above physical properties of HCP, the chemical properties of
HCP can also influence the diffusion behavior of chemical species. Major hydrates in
HCP are C-S-H, portlandite (Ca(OH),), ettringite (AFt phase) and monosulfate (AFm
phase). C-S-H is an important solid phase which dominates over a half of the volume of
completely hydrated cement, and has irregular layered structures consisting of C-S-H
sheets. The surfaces of C-S-H have silanol groups (=Si—OH), which is deprotonated to
form negatively-charged silanol groups (=Si—0O") under high pH porewater caused by
the dissolution of portlandite, NaOH, and KOH [23-25]. When Ca’" ion concentration is
high due to the dissolution of portlandite, the surface charge converts from negative to
positive [24-26]. lons of the opposite charge (counter-ions) of the surface charge can
sorb on C-S-H, resulting in retardation of ionic diffusion. In fact, sorption of Na" [27],
Cs' [28], and CI ion [29] on C-S-H has been reported. The AFt phase and AFm phase,
which make up 10-15 % of the volume of completely hydrated cement, can sorb anions
(e.g. OH , Cl, I, IO; , etc.) by exchanging with sulfate ions [10]. Thus, ionic
diffusion can also be retarded by the interactions between ions and cement hydrates.

The influence of interactions between ions and cement hydrates on ionic
diffusion has been examined experimentally. Page et al [17] suggested that the higher
activation energy for effective diffusion of Cl ion in HCP than in bulk liquid water was
caused by interactions between Cl ion and cement hydrates. Goto and Roy [30]
suggested that, from the viewpoint of activation energy for effective diffusion, Na" and
CI ions interacted with surfaces of cement hydrates and the interaction of Na' ion with

surfaces of cement hydrates was stronger than that of ClI" ion. Ngala et al. [14] found
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that the diffusivity of Cl ion in HCP differs from that of oxygen molecule, although
oxygen molecule has the diffusivity similar to CI ion in bulk liquid water and the size
of oxygen molecule is similar to the diameter of Cl ion, suggesting that an interaction
between Cl ions and charged pore walls or the electrical double layer on charged pore
walls caused the difference in diffusivity. However, these studies did not discuss in
detail types of interactions that occur between ions and cement hydrates, chemical
properties of the hydrate surfaces where the interaction takes place, or effects of
microstructures on the interactions, thus failed to elucidate the ionic diffusion
mechanisms in HCP.

There is a need to investigate further on the relationship between diffusion
behavior and the microstructure of HCP considering the more detailed pore geometry
including gel pores, as well as the influence of interactions between ions and surfaces of
cement hydrates on ionic diffusion. The nature of water confined in gel pores may be
different from bulk water. For example, a quasi-elastic neutron scattering method [31,
32] detected the presence of water similar to supercooled bulk water in hydrated
tricalcium silicate (CsS), which is a major component of ordinary Portland cement
(OPC). Similarly, a molecular dynamic simulation suggested that the structure of water
on the surface of a C-S-H sheet was similar to that of supercooled bulk water [33]. The
activation energy for water molecule diffusion in supercooled bulk water (44.4 kJ mol™
[34]) is remarkably higher than in bulk liquid water (19.2 kJ mol™ [35]). If the water
similar to the supercooled bulk water is present in the gel pores, it may significantly
affect diffusion behaviors and activation energy for diffusion of chemical species in

HCP, which may allow us to clarify the contribution of gel pores to diffusion in HCP.
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1.4 Objectives of the Thesis

The barrier performance of cement-based materials is very important to prevent
radionuclides release from waste into biosphere in the disposal for LLW. However,
alkaline components leached from cement-based materials are possible to deteriorate the
barrier performance of bentonite (a low permeable layer) and geological features due to
dissolution and/or alteration of their constituent minerals, resulting in degradation of
safety of the waste disposal systems. The geological disposal for HLW also has a similar
risk of alkaline-caused deterioration of the barrier performance of bentonite and
geological features because cement-based materials will be used in large quantities as
structural materials of tunnels and grout. Therefore, it is necessary to elucidate diffusion
mechanisms in cement-based materials, particularly in HCP, for reliable safety
assessment of the disposal of both LLW and HLW.

Mass transport in HCP, as previously discussed, is controlled by a diffusion
process because of the low hydraulic conductivity of HCP. The relationship between
diffusivity of chemical species and pore structure of HCP has been examined by both
experimental approach and analytical approach. In addition, the influence of
electrochemical conditions of the surfaces of cement hydrates on ionic diffusion has
been also studied experimentally. However, the detailed diffusion mechanisms in HCP
have not been fully understood yet. In order to elucidate diffusion mechanisms in HCP,
it is necessary to understand the contribution of gel pores and the influence of sorption
behavior on diffusion.

In this study, firstly, a basic diffusion mechanism in HCP was discussed based

on the pore geometry. By considering the nature of water confined in gel pores, the
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contribution of gel pores to diffusion in HCP was examined by analyzing experimental
results from the viewpoint of activation energy for diffusion. Two diffusion models were
proposed based on the microstructure of HCP, and the degree of contribution of gel
pores to diffusion was discussed by applying the model.

Next, ionic diffusion mechanisms in HCP were discussed for both cations and
anions. Since ionic diffusion may be affected by electrochemical conditions of the
surfaces of cement hydrates, interactions between ions and cement hydrates were
considered based on sorption data and nature of hydrates. In addition, the influence of
the interactions between ions and cement hydrates on ionic diffusion was discussed
from diffusion and sorption data based on the detailed pore geometry including gel

pores.

1.5  Outline of the Thesis

This thesis is intended to contribute in elucidating the diffusion mechanisms of
water and ions in HCP, as a basic study for the assessment of the barrier performance of
cement-based materials for LLW disposal and the influence of cement alkaline
components on the barrier performance of bentonite and geological features. This thesis
consists of five chapters.

In Chapter 1, background of this thesis and a concept of the radioactive waste
disposal were introduced. Previous studies on the diffusion in HCP were reviewed, and
the objectives of this thesis were explained.

In Chapter 2, diffusion behavior of water in HCP was examined by non-steady

diffusion experiments. The apparent diffusion coefficients of water were obtained as
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functions of w/c ratio using HTO and H,'®0 as tracers. The dominant chemical species
diffusing in HCP was confirmed to be H,O molecule by comparing the apparent
diffusion coefficients of HTO and H,'®O. In addition, the activation energy for diffusion
of HTO in HCP was determined from the temperature dependence of apparent diffusion
coefficients. From the viewpoint of the w/c ratio dependence of the activation energy,
two diffusion models consisting of capillary and gel pores were proposed based on the
microstructure of HCP. The degree of a contribution of gel pores to diffusion was
estimated by optimizing the model to fit with the experimental data for HTO. Finally,
the influence of the changes in HTO diffusion pathways in complex pore network on
diffusion behaviors was discussed.

In Chapter 3, diffusion behavior of Na" and Cs" ions in HCP was examined in
the same way as HTO. The apparent diffusion coefficients of Na" and Cs' ions were
obtained as functions of w/c ratio and temperature, and their activation energy for
diffusion was determined from the temperature dependence of the apparent diffusion
coefficients. In addition to diffusion experiments, the sorption of Na" and Cs" ions on
HCP was studied by a batch sorption experiment. The diffusion behavior of Na” and Cs"
ions in HCP was discussed based on the sorption and diffusion data, together using the
model proposed in Chapter 2.

In Chapter 4, sorption and diffusion behavior of Cl ion in HCP was examined
by a batch sorption experiment and a non-steady diffusion experiment. The distribution
coefficients and apparent diffusion coefficients of Cl ion were obtained as functions of
w/c ratio and temperature. The enthalpy for sorption and the activation energy for

diffusion were determined from the temperature dependence of the distribution
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coefficients and the apparent diffusion coefficients, respectively. The influence of
sorption behavior on diffusion process and the diffusion behavior were discussed based
on the sorption and diffusion data, together with findings obtained in Chapter 2.

In Chapter 5, main results of the thesis are summarized as conclusions.
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Chapter 2
Effect of a microstructure of hardened cement paste

on diffusion behavior of water

2.1 Introduction

Cement-based materials will be used as an engineered barrier to retard the
migration of radionuclides in the disposal facilities of low-level radioactive waste
(LLW). The barrier performance of cement-based materials may be degraded by
leaching of cement alkaline components (NaOH, KOH, and Ca(OH),). In addition,
alkaline solution leached from cement-based materials may deteriorate the performance
of other barrier materials including bentonite and geological features [1]. The influence
by alkaline solution on bentonite and geological features is also an important issue for
geological disposal of high-level radioactive waste (HLW) [2], because cement-based
materials will be used in large quantities as structural materials of tunnels and grout in
the HLW disposal systems. Therefore, it is very important to elucidate migration
mechanisms of chemical species in cement-based materials for reliable safety
assessment of disposal for LLW and HLW.

The migration in hardened cement paste (HCP) is controlled by diffusion
because of the low hydraulic conductivity of HCP. The diffusion mechanisms in HCP
are still ambiguous due to the complexity of the pore network in HCP where diffusion
takes place and the interactions between ions and cement hydrates (e.g. sorption and
electrostatistical interaction). Using tritiated water (HTO) as a tracer has an advantage

of being electrically neutral (non-charged), making it inert to cement hydrates [3, 4],
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and as the result, diffusion behavior of HTO only reflects the complexity of pore
geometry of HCP. The relationship between the diffusivity and porosity, which is
well-known as an empirical equation called “Archie’s law”, is often used [5, 6], but , it
does not provide the mechanistic information on the diffusion in HCP. Numerical model
studies relating diffusion behaviors to microstructures [7, 8] suggested the contribution
of gel pores to diffusion of HTO in HCP, but the contribution of gel pore has not been
demonstrated experimentally yet. In order to understand diffusion mechanisms of HTO
in HCP, the contribution of gel pores to diffusion in HCP needs to be examined and
more detailed pore geometry including gel pores may need to be considered.

In this Chapter, a relationship between diffusion behaviors of HTO and the
microstructure of HCP was discussed from the apparent diffusion coefficients of HTO
obtained from diffusion experiment using HCP samples prepared with different w/c
ratios. A tracer of HZISO was also used in the diffusion experiments in order to confirm
that diffusion of dissociation products of HTO was negligibly small and HTO was the
dominant chemical species diffusing in HCP. The activation energy for HTO diffusion
was determined at each w/c ratio. Diffusion pathways were considered with two kinds
of simple models consisting of capillary and gel pores, one model with capillary and gel
pores connected in series in the direction of diffusion, and the other model with
capillary and gel pores constituting independent diffusion pathways without being
connected. The estimate of the volume ratio of gel pores to total pores was obtained for
both of the models by optimizing the model to fit with all of the experimental data with
the purpose of gaining insight into diffusion pathways and the pore geometry in HCP,

especially on the significance of the contribution of gel pores. Based on the new
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approach of determining the diffusion coefficients as a function of both w/c ratio and
temperature, the influence of the changes in HTO diffusion pathways in complex pore

network on diffusion behavior was discussed.
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2.2 Experimental methods
2.2.1 Preparation of HCP samples

Ordinary Portland cement (OPC) powder (Japan Cement Association) was used
to prepare HCP samples. The composition of OPC powder used is shown in Table 2-1.
The OPC powder was mixed with deionized water at w/c ratio of 0.36, 0.40, 0.45, 0.50,
and 0.60 (in weight). The mixtures were settled for 30 minutes at 303 K before they
were remixed. This procedure was repeated until no water seeped to the surface of the
cement paste due to settling. The mixtures were then poured into cylindrical
polyethylene molds of 24.5 mm in inner diameter and 60 mm in height. They were
covered with a sheet of polyethylene to prevent moisture loss and were settled for
approximately 1 day at room temperature. After removing the molds, HCP rods were
cured for 90 days at 323 K in the cement-equilibrated water, which was prepared by
mixing 2 dm’ of deionized water with 0.2 kg of OPC powder and settling for more than

2 days.

2.2.2 Measurements of porosity and hydration degree

Total porosity and degree of hydration of HCP samples were determined from
the weight loss by drying a water-saturated sample and igniting after drying. Disk-type
specimens of 24.5 mm in diameter and 5.0 mm in thickness were cut from the center of
HCP rods with a water-cooled diamond blade. Specimens were saturated by submerging
in the cement-equilibrated water in a vacuum desiccator to determine the
water-saturated weight (m, ). Specimens were dried in an oven for more than 1 week at

333 K [9] to determine the dried weight (m,). After drying in the oven, they were
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pulverized to less than 75 pum in particle size, and 3.0 g of the pulverized specimens
were heated in an electric furnace for more than 1 hour at 1273 K [10] to determine the
weight of the ignition residue (m,).

Total porosity (¢&,,) and degree of hydration (a) [11] were calculated by the

tot

following equations;

Eior = . ’ (2'1)

and

~ m,/m, L. ]
" e

where m, is the amount of porewater (m, —m,), m, is the weight of pulverized HCP
sample ignited in an electric furnace (3.0 g), m_ is the amount of water chemically
bound in hydrates (m, —m,), V is the volume of a disk-type specimen (2.36 cm’),
p,, 1s the water density at 293 K (0.998 g cm™), L. is the rate of mass loss including
decarboxylation by ignition of cement powder in an electric furnace (6.2x 10~ for OPC
used in this study), and y is the ratio of water consumed for complete hydrationto 1 g
of anhydrous cement (0.23). Capillary porosity (¢,,) was calculated by the following

equation [12], and gel porosity (&, ) was calculated by subtracting ¢, from ¢, :

tot *

_ w/c—0.36a

= ) 2-3
Eoar w/c+0.32 (2-3)

2.2.3 Non-steady diffusion method

The dependence of the apparent diffusion coefficient of HTO on w/c ratio and
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temperature was studied by a non-steady diffusion experiment with an instantaneous
source. A specimen of 40 mm in height and 24.5 mm in diameter was cut out from the
center of a HCP rod with a water-cooled diamond blade. After they were saturated with
the cement-equilibrated water in a vacuum desiccator, a slight amount of HTO tracer
(PerkinElmer Life & Analytical Sciences) solution was applied to the flat surface of a
HCP specimen. Two HCP specimens were placed together in contact, and were covered
with rubber and plastic paraffin films to prevent drying (Figure 2-1 (a)). They were
kept at temperature of 293 K, 303 K, 313 K, and 323 K for the duration of experiment.

A non-steady diffusion experiment with a constant source was conducted in
order to compare the apparent diffusion coefficients of HTO and H,'*O and to estimate
the volume of pores accessible for HTO and H,'®0O. The specimen was cut out similarly
from the center of a HCP rod, and all of the surfaces except for the top were sealed by
resin. After being saturated with cement-equilibrated water, it was immersed in the
source solution for the duration of the diffusion experiment for 5days at 303 K (Figure
2-1(b)). During diffusion period, the changes in the tracer concentration in the source
solution were confirmed to be less than 1 %. The source solution was prepared by
adding a slight amount of HTO or H,"*0 (Cambridge Isotope Laboratories, Inc.) in
cement-equilibrated water.

After the diffusion period, the specimen was sliced into 1.0 mm thick sections
from the contacting surface with a water-cooled diamond blade. The wafers were
pulverized and immersed in 1.5-2.5 ml of cement-equilibrated water at room
temperature for more than 1 week until HTO or HZISO in the wafer was released into

cement-equilibrated water. The amount of the tracer applied in the instantaneous-source
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diffusion experiment was confirmed to be extracted in this procedure to satisfy the
material balance of HTO. After filtration through a hydrophilic polytetrafluoroethylene
(PTFE) type membrane filter with 0.45 pm pore size (25HP045AN, ADVANTEC), the
concentration of HTO or H2180 in the supernatant was determined as a function of
distance from the plane where HTO was applied or the source solution of HTO and
H,"®O contacted with the specimen. The radioactivity of HTO in the supernatant was
measured using a liquid scintillation counter (LSC-5100, Aloka, Ltd.). For the analysis
of H,'*0, the mole fraction of O-18 in the supernatant was calculated from the oxygen

isotopic ratio (50 ) which was measured by a mass spectrometer using the exchange of

0O-18 between H,O and CO [13].
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Table 2-1 Chemical compositions of OPC used in experiments

(Japan Cement Association).

Chemical Analysis (%)

Calcium oxide (CaO) 65.02
Silicon dioxide (Si0,) 21.36
Aluminum trioxide (Al,O5) 5.28
Ferric trioxide (Fe,03) 2.66
Sulfur trioxide (SOs) 2.08
Sodium oxide (Na,O) 0.29
Potassium oxide (K,0O) 0.48
Magnesium oxide (MgO) 1.46
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(a) HCP specimen Tracer (H,'0 or HTO)
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Figure 2-1 Schematic diagrams of non-steady diffusion

experimental system (Left: HTO instantaneous source,

Right: H,'*0 or HTO constant source).
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2.3. Results and discussion

2.3.1. Characteristics of HCP samples

The porosity (& and ¢_,) and degree of hydration (a ) are shown in

tot > 8cap ° gel

Table 2-2, together with water contents in HCP specimens (m, and m,) determined
from weight loss after drying and igniting. The value of a increased with an increase
in w/c ratio, as previously reported [10, 14, 15]. The values of ¢, and ¢, increased
with an increase in w/c ratio, while the value of &, decreased because of the
reduction of the volume of cement paste per unit volume. These changes indicated that
the volume of larger pores increased as w/c ratio increased.

Pores in HCP can be divided into two zones; pores that are accessible for
migration and pores that are not. The porosity of the accessible pores is defined as
effective porosity (&, ), and is generally estimated from the total amount of a tracer that
penetrates into a water-saturated porous media by diffusion. In this study, the tracer
concentration (C(Ax, t)) in the porewater in the thin HCP slice closest to the source
solution was assumed to be equal to the tracer concentration ( C,) in the source solution
(G, =C(Ax, t)). The concentration of the tracer per unit volume of the HCP slice
(C, (Ax, t)) was obtained from the concentration profile acquired in the constant-source
diffusion experiment. Using the volume of the HCP slice ( AV'), the amount of the tracer
(A) in the HCP slice is represented as:

A=C(Ax,1)-AV -, (2-4)
or

A=C,(Ax,1)-AV . (2-5)
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From the above assumption (C, = C(Ax,)), Equations (2-4), and (2-5), the g,; value is

calculated by the following equation:

£,y=" . (2-6)

The values of ¢, are shown in Table 2-2. The values of ¢, were larger than ¢,

and were close to ¢, , suggesting that HTO and H,'®O can enter into gel pores during

tot >

diffusion.

2.3.2 Diffusion coefficients of HTO and H,"*0

Figure 2-2 shows a typical concentration profile of HTO in HCP obtained from

the instantaneous-source diffusion experiment. The apparent diffusion coefficient (D, )

was determined by fitting the following analytical equation to the concentration profile
[16]:
2

M X
C(x,t)= ———exp| — , (2-7)
( ) 27Dt p[ 4Datj

where M is the amount of HTO tracer initially applied (cpm), ¢ is diffusion time (s),

and x is penetration depth (m). The concentration profiles in all cases of w/c ratio and
temperature were well reproduced by Equation (2-7). The values of D, obtained are
shown in Table 2-3. The D, values ranged from 1.1x107""' m*s™ to 1.7x10"" m* s at
w/c ratio from 0.36 to 0.60 and at diffusion temperature from 293 to 323 K.

Figure 2-3 shows typical concentration profiles of HTO and H,'*O in HCP
obtained from the constant-source diffusion experiment. The apparent diffusion

coefficient was determined by fitting the following analytical equation to the
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concentration profile [16]:

C(x,1)= coerfc[ﬁ] , (2-8)

where C, is the initial concentration of HTO (cpm m™) or H,'®O (mole fraction
unitless) in the source solution. Similar to the results from instantaneous-source
diffusion experiments, the concentration profiles for HTO and H,'®O at all w/c ratios
were well reproduced by Equation (2-8). The values of D, obtained are shown in
Table 2-3. The D, values for HTO and HZISO ranged from 2.6x10" m? st to
9.2x10™" m* s at w/c ratio from 0.36 to 0.60 at 303 K.

Figure 2-4 shows the dependence of the apparent diffusion coefficient on w/c
ratio at 303 K. No significant difference was observed between the D, values of HTO
and H,'®0, suggesting that the influence of dissociation of HTO and H,"0 on the
diffusion is negligible: HTO and H,'*O diffuse as water molecules even in alkaline
porewater in HCP.

The diffusivity in porous media is related to the porosity (&) by an empirical
equation (i.e. Archie’s law):

D,/D,=&", (2-9)
where D, is the effective diffusion coefficient in porous media, D, is the
self-diffusion coefficient in bulk liquid water (2.7x10® m? s™ for HTO and 3.1x10” m?
s for HQISO at 303 K, which were calculated from self-diffusion coefficients at 298 K
and activation energies [17]) and m is the cementation factor, which is a fitting
parameter. Since the sorption of water on cement hydrates is negligible [3, 4], the

apparent diffusion coefficient is equal to the effective diffusion coefficient divided by
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&

tot

or ,,.The D,/D, value plotted against &,, and &, is shown in Figure 2-5

(a) and (b), respectively. The ¢,, value can reproduce the D,/D, value by the power

tot
function (Figure 2-5 (a)) and the exponent was approximately 4.2. Similarly, the

D,/D, values fitted with the power function of the ¢, (Figure 2-5 (b)). The values

of D,/D, deviated from the power function at lower ¢, values.

2.3.3. Temperature dependence of diffusion of HTO in HCP
Figure 2-6 shows the apparent diffusion coefficient of HTO as a function of

temperature. The plots were well reproduced at all w/c ratios by the Arrhenius equation:

E
D =Bexp| - —~ |, 2-10
. p( RT] (2-10)

where E_ is the activation energy for diffusion (kJ mol™), B isan arbitrary constant,
R is the gas constant (8.31 J mol’ K), and T is absolute temperature (K). The
values of E_  obtained at w/c ratio of 0.36, 0.45, and 0.60 were 31.3+2.7 kJ mol'l,
22.9+1.3 kJ mol”, and 21.5+3.1 kJ mol”, respectively, as shown in Table 2-3. Figure
2-7 shows the activation energy as a function of w/c ratio. The E, value of 21.5 kJ
mol™ obtained at wi/c ratio of 0.60 was close to that in bulk liquid water (19.2 kJ mol™
[17]). The activation energy increased as w/c ratio decreased. The E, value of 31.3 kJ
mol” at w/c ratio of 0.36 was significantly higher than 19.2 kJ mol”. This finding
indicates that the dominant diffusion process at lower w/c ratio is different from
diffusion in bulk liquid water.

Higher activation energy of 44.4 kJ mol™ has been reported for the diffusion of

water molecules in supercooled bulk water [18]. Water similar to supercooled bulk
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water (hereafter “confined water”) has been identified in hydrated tricalcium silicate
(CsS, which is a major component of OPC) by a quasi-elastic neutron scattering method
[19, 20] and on the surface of a calcium-silicate-hydrate sheet (C-S-H, which is a major
component of OPC hydrates with the similar layer structure to tobermorite or jennite)
by molecular dynamics simulation [21]. If the higher activation energy can be attributed
to the confined water, HTO may diffuse in at least two different types of water in HCP,
1.e. the confined water (region 1) and the bulk liquid water (region 2). Changes in the
apparent diffusion coefficients and the activation energy as a function of the w/c ratio
may be explained by the volume ratio of the region 1 and the region 2, and

microstructure of the two regions where HTO diffuses.

2.3.4. Diffusion model of water in HCP

Simple models for the diffusion pathways of HTO in HCP are considered in
order to explain the changes in apparent diffusion coefficients and activation energies
with an increase in w/c ratio, i.e. an increase in w/c ratio from 0.36 to 0.60 resulted in an
increase of apparent diffusion coefficients from 2.0x107"" m? s to 9.9x10™"" m* s at
303 K and a decrease in activation energies from 31.3 kJ mol™ to 21.5 kJ mol™. These
changes may be attributed to differences in pore structures caused by an increase in w/c
ratio. As described in section 2.3.3, if confined water causes higher activation energy of
31.3 kJ mol™, pores in HCP can be divided into regions filled with confined water
(region 1) and bulk liquid water (region 2). A molecular dynamics simulation by
Youssef et al. indicates the formation of water similar to supercooled bulk water up to

0.42 nm in thickness and the confinement of water molecules persisting up to 1.0 nm
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from the surface of a C-S-H sheet [21]. According to this simulation, the confined water
(i.e. region 1) occupies up to at least 0.42 nm in thickness from the surface of a C-S-H
sheet, and may extend up to around 1.0 nm: pore water existing further away from
C-S-H sheets is bulk liquid water (region 2). Gel pores are formed in hydrates, whose
major constituent is C-S-H, and have radius smaller than 5 nm [12]. When the radius of
a gel pore is similar to the thickness of confined water on the surface of hydrate sheets,
most of gel pores may be considered as region 1. On the other hand, capillary pores
have significantly greater radius between hydrated cement particles than gel pores. For
example, the distribution of capillary pore radius determined by an MIP measurement is
dominated by radius between 10 nm and 30 nm at w/c ratio between 0.30 and 0.70 [10].
Although region 1 may exist as a thin layer on the inner-surfaces of capillary pores,
capillary pores may be assumed to be filled only with bulk liquid water (region 2) since
the volume of region 1 is negligible compared to region 2.

Diffusion of HTO is considered to occur through only capillary pores [6] or
through both capillary pores and gel pores [7, 8, 22]. However, if HTO diffuses only in
capillary pores filled with bulk liquid water (region 2), the activation energy should
remain constant. The activation energies determined in this study were not constant,
suggesting that the contribution of a diffusion process that has higher activation energy,
such as that in confined water (region 1), is substantial enough compared to the
diffusion in bulk liquid water (region 2). In order for the diffusion in region 1, which
has the diffusivity (e.g. 1.6X 10" m%/s in supercooled bulk water at 238 K [18])
approximately one order of magnitude smaller than the diffusivity in bulk liquid water

(2.4%X10"° m%s [17]), to raise the activation energy for the entire HCP system, HTO
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has to pass through region 1 in the case when the diffusion pathway consisting of region
1 and region 2 connected in series in the direction of diffusion (case 1, the serial model),
or region 1 needs to have significant enough volume in the case when the pore network
comprises region 1 and region 2 as independent diffusion pathways (case 2, the parallel
model). Basic module of the microstructure for the serial model (case 1) is shown in
Figure 2-8 (a), and the parallel model (case 2) is shown in Figure 2-8 (b). For
simplification, the sum of the areas of capillary pores and that of gel pores were
assumed to be constant at any cross sections perpendicular to the direction of diffusion.
In the serial model (Figure 2-8 (a)), region 1 and region 2 are arranged up in
series in a pathway in the direction of diffusion: HTO diffuses through region 1 and
region 2 in series. The longer the diffusion path of region 1, the more significant the
influence of region 1 on apparent diffusion coefficients and activation energies becomes.
In the serial model, the ratio of the length of the path of region 1 to the total length of
the diffusion pathway is equal to the ratio of gel porosity to total porosity. In the parallel
model (Figure 2-8 (b)), region 1 and region 2 constitute independent diffusion
pathways: HTO diffuses only through region 1 if HTO enters region 1, and only through
region 2 if HTO enters region 2. The greater the cross-section area of region 1, the more
significant the influence of region 1 on apparent diffusion coefficients and activation
energies becomes. In the parallel diffusion model, the ratio of the cross-section area of
gel pores to the cross-section area of the total pores is equal to the ratio of gel porosity
to total porosity. In both of the cases of the serial model and the parallel model, the ratio
of the volume of region 1 to the total pore volume (7 ), which is the same as the ratio of

gel porosity to total porosity, is an important parameter determining the significance of
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region 1.

The conceptual diagram illustrated in Figure 2-8 can be simplified as shown in
Figure 2-9 using the volume ratio (7). The simplified models presented in Figure 2-9
were fitted to the experimental results obtained in this study using the volume ratio (7)
as one of the parameters. In the simplified serial model (Figure 2-9 (a)), the apparent

diffusion coefficient of HTO can be expressed as

1 n l-n
F_DRI +DR2 ’

(2-11)

where DM and DX are apparent diffusion coefficient of region 1 and region 2,
respectively. Similarly, in the simplified parallel model (Figure 2-9 (b)), the apparent
diffusion coefficient is

D,=n-D" +(1-n)-D*. (2-12)
The apparent diffusion coefficients of region 1 and region 2 as a function of temperature

are respectively expressed by the following equations;

DRI ERI
o7 = a7 L
and
DR2 ER2
DS =37 exl{ R (2;8_%)}’ @-14)

where DM and D are diffusion coefficient of water in region 1 and region 2,
respectively, EX' and E are activation energy of diffusion for water molecules in
region 1 and region 2, respectively, and F.F. is formation factor of the diffusion

pathways. The formation factor of diffusion pathways of region 1 and region 2 are
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assumed to equal in both of the diffusion models. The values of D' and EX' are
assumed to be the values in supercooled bulk water (1.6x10"° m* s™" and 44.4 kJ mol™,
respectively [18]). The values in bulk liquid water (2.4x10° m* s and 19.2 kJ mol’,
respectively [17]) are used as the D> and E®* values. The values of n and F.F.
at each w/c ratio are parameters determined by the least-squares fitting of Equations
(2-11) and (2-12) to apparent diffusion coefficients obtained in the experiment in this
study. In all of the cases of the w/c ratio and temperature, the apparent diffusion
coefficients were well reproduced by Equations (2-11) and (2-12) as shown in Figure
2-10; these fitting curves were close to Arrhenius equation in the temperature range
from 293 to 323 K. The optimum values of n and F.F. obtained by fitting are given
in Table 2-4.

In the serial model, the optimum values of n increased from 0.010 to 0.076
with the decrease in w/c ratio from 0.60 to 0.36. The increase in the activation energies
with the decrease in w/c ratio observed in the experiment corresponded to a small
increase of a few percent in the volume ratio of region 1 to the total pore volume (n).
The values of n obtained from the optimization were small ranging from 1 to 7.6 % of
the total pore volume, indicating that diffusion pathways in HCP consist of mostly
region 2, and the contribution of region 1 is very small. It should be also noted that the
values of n are much smaller than the experimentally determined ratio of gel porosity
to total porosity (0.594, 0.416, 0.274 at the w/c ratio of 0.36, 0.45, 0.60, respectively).
This means that only a very small part of gel pores contributes to diffusion of HTO in
HCP. Most of the gel pores, which can be experimentally determined by, e.g., measuring

weight loss after drying, do not participate as diffusion pathways. The optimum values
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of F.F. decreased from 75.7 to 25.7 with the increase in w/c ratio. Capillary pores are
known to develop with an increase in w/c ratio, and this decrease in F.F. may indicate
significance of retardation effect of pore geometry (tortuosity and constrictivity) on
HTO diffusion in HCP as w/c ratio decreases.

The small values of n indicate that capillary pores (region 2) are dominant
diffusion pathways with very small part (1 to 8 percent) consisting of gel pores (region
1) connected in series in the direction of diffusion. This may be viewed as a pore
network mostly consisting of capillary pores, which has some very narrow pores that
are plugged with hydrates. In these hydrates, HTO must diffuse through gel pores. In
other words, only the gel pores that plug the capillary pore network participate as
diffusion pathway. This structure of diffusion pathway is consistent with the n values
which are significantly smaller than the experimentally determined ratio of the gel pore
volume to the total pore volume. Gel pores that exist outside the capillary pore network,
or that exist in the capillary pore network without plugging them do not significantly
contribute as diffusion pathways. This view of HCP microstructure presented from the
serial model optimization results may be reasonable together with the changes in »
and F.F. values indicating the increasing significance of gel pores and pore geometry
as w/c ratio decreases.

In contrast, the parameters n and F.F. obtained from the parallel model
were not in a practical range. The n values increased from 0.461 to 0.912 with the
decrease in w/c ratio. These n values are much greater than the experimentally
determined ratio of gel porosity to total porosity, and are not reasonable even when a 1.0

nm layer of confined water on the inner-surfaces of the capillary pores is taken into

48



consideration. In addition, the values of F.F. were almost constant at 22.4 + 4.8. This
result indicates that there is no change in pore geometry with the changes in w/c ratio,
which contradicts with the concept that microstructure of HCP depends on the w/c ratio
[12]. Although the experimental data was fitted well with the parallel model by
optimizing n and F.F., both parameters did not reflect the microstructure of HCP,
suggesting that the parallel model possibly failed to express the relationship between
diffusion and the microstructure of HCP.

Between the two basic modules considered as diffusion pathway models in
HCP, the serial model represents a more realistic pore network. In the serial model,
capillary pores (region 2) are the dominant diffusion pathway, and only some percent of
the diffusive pore volume comprised gel pores (region 1). Previous studies [5, 6]
focusing on the relationship between porosity and diffusivity in HCP may have failed to
emphasize the significance of gel pores because the contribution of gel pores to
diffusivity is, in general, relatively small. With the same reason, a simple expression of
the relationship between the diffusion coefficient and capillary porosity, such as
Archie’s law seemed to be valid.

The activation energy obtained in this study through systematically examining
the temperature dependence of diffusion coefficient enabled us to identify the effect of
region 1, which does not contribute significantly to the diffusion coefficient, but does
affect the activation energy. The same approach can be easily applied to study diffusion
of different chemical species in cementitious materials, or diffusion in cement pastes of
different composition including aggregates and admixtures. Further investigations can

reveal how the microstructure affects diffusion coefficient, which will lead to a better
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assessment of the performance of cementitious materials as an engineered barrier in

radioactive waste disposal.
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Table 2-2 Water contents, hydration degree, and porosity of HCP samples.

Weight Hydration Total Capillary Gel Effective
w/c ratio

Porewater Bound-water degree porosity porosity porosity porosity

: m, [g] m, [g] a [-] € [-] Eegp [-] g -] o [-]
0.36 0.694 0.543 0.77 0.29 0.12 0.17 0.32
0.40 0.752 n.d.” — 0.31 — — 0.30
0.45 0.845 0.583 0.83 0.35 0.21 0.14 0.33
0.50 0.923 0.581 0.83 0.38 0.25 0.13 0.35
0.60 1.036 0.618 0.88 0.44 0.31 0.13 0.41

* . not determined
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Table 2-3 Apparent diffusion coefficient (p,) of HTO and H,"°O
and activation energy ( £, ) of HTO in HCP.
Abbreviations of Ins. and Cons. are instantaneous source
and constant source, respectively.

wi/c ratio D, [x10"" ms] E,

Tracer Method

[-] 293 K 303K 313K 323K [kImol]
HTO Ins. 1.1 2.0 2.7 4.3
0.36 31.3+£2.7
1.3 1.9 2.6 39
2.8 4.2 5.9 7.1
0.45 22.9+1.3
2.8 4.3 5.8 7.6
6.2 9.9 13.0 16.0
0.60 21.543.1
7.7 9.9 13.0 17.0
Con. 0.36 — 2.6 — — —
0.45 — 4.0 — — —
0.60 — 9.2 — — —
H,*0  Con. 0.40 — 2.6 — — —
— 3.7 — — —
0.45
— 3.3 — — —
0.50 — 4.2 — — —
0.60 — 7.6 — — —
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Table 2-4

The model optimization results. The values of n (the
volume ratio of region 1 to diffusion pathways) and
formation factor of the diffusion pathways (F.F.) for the
serial model and the parallel model were obtained by

fitting the experimental data to the models.

w/c ratio Serial model Parallel model
[-] n F.F. n F.F.
0.36 0.076 75.7£13.7 0.912 23.5+44
0.45 0.015 56.813.3 0.649 27.2%59
0.60 0.010 25.7£33 0.461 16.611.7
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Figure 2-2

20 40 60 80 100 120 140 160
X [%X10° m’]
Concentration profile of HTO in HCP at w/c ratio of
0.45 at 303 K for an instantaneous source; diffusion

period was 7days. A solid line is a fitting curve by

solution of Fick’s second law (Equation (2-7)).
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Figure 2-3

X [mm]

Concentration profiles of HTO and H,'*0 in HCP at w/c
ratio of 0.45 at 303 K for a constant source; diffusion
period was Sdays. A solid line is a fitting curve by

solution of Fick’s second law (Equation (2-8)).
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Figure 2-4 Dependence of apparent diffusion coefficients of HTO
and H,'®0 on w/c ratio (at 303 K). Abbreviations of Ins.

and Cons. are instantaneous source and constant source,

respectively.
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Figure 2-5  Relationship between the porosity and the apparent diffusion coefficients of H,'*0 and HTO;

(a) total porosity, (b) capillary porosity. Abbreviations of Ins. and Cons. are instantaneous
source and constant source, respectively. Solid line shows the best fit as a power function of

porosity.
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Figure 2-6  Arrhenius plots of the apparent diffusion coefficients of

HTO in HCP at w/c ratio of 0.36, 0.45, and 0.60.
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Figure 2-7  Dependence of activation energies of HTO diffusion in
HCP on w/c ratio. Dashed line indicates the activation
energy of diffusion for HTO in bulk liquid water (19.2
kJ mol™ [17]).
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Figure 2-8  Schematic diagrams of the microstructure of HCP: (a)
the serial model, (b) the parallel model. Black parts are
hydrates including gel pores (region 1), white parts are
capillary pores (region 2), and gray parts are solid

phases such as hydrates and unhydrated cements.
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Figure 2-9  Schematic diagrams of the simplified models shown in
Figure 2-8: (a) the serial diffusion model, (b) the parallel
diffusion model. The arrows indicate the direction of

HTO diffusion through the model.
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Figure 2-10 Model optimization results with experimental data.
Apparent diffusion coefficients of HTO are shown as a
function of w/c ratio. Dashed line shows the results of the
serial diffusion model and the dotted line shows the

parallel diffusion model.
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24 Conclusions
In order to study the diffusion of water in HCP, the non-steady diffusion
experiments were conducted using HTO and H,'®O as tracers using HCP samples

prepared at w/c ratio from 0.36 to 0.60, and at different temperatures (293 to 323 K).
The values of D, ranged from 1.1x10™"" m*s™ to 1.7x10"" m* s, and increased with
increasing w/c ratio. The D, values for HZISO ranged from 2.6x10" m? s! to
7.6x10"" m? 5™ at w/c ratio from 0.40 to 0.60 at diffusion temperature of 303 K. The
values of D, for H,"®0 were in good agreement with those for HTO at each wi/c ratio,
suggesting that both HTO and H,'®O diffused as H,O molecule and dissociation of
water molecule is negligible in diffusion even at high pH in HCP.

The values of E, of HTO at w/c ratio of 0.36, 0.45, and 0.60 were 31.3 kJ
mol™, 22.9 kJ mol™, and 21.5 kJ mol™, respectively. The higher activation energy of
31.3 kJ mol™ than in bulk liquid water (19.2 kJ mol™") was observed at w/c ratio of 0.36.
Water in gel pores may be confined by hydrates to form a diffusion regime with higher
E,, such as supercooled bulk water, and the contribution of this regime may become
significant in a whole HCP at low w/c ratio. Based on the microstructure of HCP, simple
diffusion models were considered that consist of a region of bulk liquid water (capillary
pores) and a region of water confined by hydrates (gel pores). The models were fit with
the D, values experimentally obtained in this study. From the model results, dominant
diffusion pathway of water in HCP was that capillary pores and gel pores arranged in
series in the direction of diffusion, and the pathway mostly consists of capillary pores.
The ratio of gel pores contributing to diffusion was significantly smaller than the ratio

of gel porosity to total porosity determined by the experiment, indicating that a very
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small part of gel pores that plug capillary pores may participate in diffusion and most of
gel pores may not function as diffusion pathways. The activation energy obtained in this
study enabled us to identify the influence of gel pores, which may be filled with water
confined by hydrates, on diffusion of HTO in HCP. This approach of examining the
activation energy of diffusion may also be applicable for other chemical species, and

other types of cementitious materials.
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Chapter 3
Water-to-cement ratio dependence of diffusion behavior

of Na' and Cs” ions in hardened cement pastes

3.1 Introduction

Leaching of alkaline components (NaOH, KOH, and Ca(OH),) from
cement-based materials may cause deterioration of the barrier performance of not only
cement-based materials used in low level radioactive waste (LLW) disposal, but also
other barrier materials (i.e. bentonite and geological features) used both in LLW and
high level radioactive waste (HLW) disposal [1, 2]. Ionic diffusion can be influenced by
interactions between ions and cement hydrates in addition to pore geometry. Previous
studies [3-5] suggested that the chemical or electrochemical characteristics of the
surface of cement hydrates influenced ionic diffusion. However, interactions between
ions and cement hydrates are still unclear and the detailed ionic diffusion mechanism is
controversial. Reliable safety assessment of disposal for LLW and HLW requires the
understanding of diffusion mechanisms of chemical species with positive charges in
cement-based materials including the relationship between the microstructure and
interactions with the surfaces.

A simple model consisting of capillary and gel pores was proposed in Chapter
2 to estimate the degree of contribution of gel pores in diffusion of HTO in HCP from
the analysis of the activation energy for diffusion assuming that gel pores are filled with
water similar to supercooled bulk water. A serial model, in which capillary and gel pores

are arranged in series in the direction of diffusion, fit the data well with parameters
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within a reasonable range, suggesting that the diffusion pathway of water in HCP
mostly consists of capillary pores. The ratio of gel pores contributing to diffusion was
significantly smaller than the ratio of gel porosity to total porosity determined by the
experiment, indicating that a very small part of gel pores that plug capillary pores
participate in diffusion and most of gel pores do not function as diffusion pathways.
Similar analysis of charged ions may allow us to elucidate the diffusion behavior of ions
in HCP.

In this Chapter, the diffusion behavior of alkali metal ions (sodium and cesium)
in HCP was examined. Understanding the diffusion behavior of sodium ion, which is
not only a representative monovalent cation but also the cation from a cement alkaline
component (NaOH), is very important in the assessment of a long-term durability and
barrier performance of cement-based materials and the influence of high alkaline
solution on other barrier materials (bentonite and geological features). Understanding
the diffusion behavior of cesium ion, which is contained in radioactive waste as a major
fission product (Cs-135 and Cs-137), is essential in assessing the safety of radioactive
waste disposal, because cesium ion can easily dissolve and migrate in groundwater in
comparison to other radionuclides, and Cs-135 has a long half-life of 2.3 X 10° years.
The apparent diffusion coefficients for Na" and Cs" ions in HCP prepared at different
w/c ratio were determined using Na-22 and Cs-137 as tracers by a non-steady diffusion
method at diffusion temperature from 293 to 323 K. In addition, the sorption of Na" and
Cs" ions on HCP was examined by batch sorption experiments. Based on the
temperature dependence of the apparent diffusion coefficients, activation energies for

diffusion were determined at each wi/c ratio examined. Considering the sorption of Na"
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and Cs" on HCP, the mechanisms of diffusion processes for Na” and Cs' ions in HCP

was discussed using the model developed for HTO diffusion in HCP in Chapter 2.
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3.2 Experimental methods
3.2.1 Preparation of HCP samples
The HCP samples with w/c ratio of 0.36, 0.45, and 0.60 were prepared and

characterized by the same method described in Section 2.2.1 and 2.2.2, respectively.

The degree of hydration (a), total porosity (&,,), capillary porosity (&

cap

), and gel
porosity (&,,) for each HCP sample used in sorption and diffusion experiments for Na"

and Cs' ions are shown in Table 3-1.

3.2.2 Batch sorption

Distribution coefficients of Na" and Cs' ions were determined by the batch
sorption method for the HCP samples with different w/c ratios of 0.36, 0.45, and 0.60.
The HCP samples were dried in an oven at 333 K for more than 1 week, ground to
powder with mortar and pestle, and sieved to obtain fine particles with diameter less
than 75 um. The sorption experiments were conducted with 0.1000==0.010 g of the fine
particles and 10 ml of cement-equilibrated water (the solid/liquid ratio = 100) in 15-ml
centrifuge tubes, which were agitated for more than 1 day to attain an equilibrium
between solid and liquid phase. The concentrations of Na, K, Ca, Si, Al, and Fe in the
cement-equilibrated water were determined with ICP-AES (ICP-9000, SHIMADZU,
Ltd.), and are listed in Table 3-2. After equilibrating, 20ul of either NaCl solution
containing 800 Bq of Na-22, or CsCl solution containing 740 Bq of Cs-137 was
introduced into the centrifuge tube, which was continuously mixed for a designated
period of time at a prescribed temperature. Table 3-3 lists the experimental conditions

including the concentrations of Na" and Cs" ions in the liquid phase, the sorption time,
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and the sorption temperature. After the sorption, the liquid phase was separated by
centrifugation at 4800 rpm for 30 minutes (05PR-22 centrifuge, Hitachi, Ltd.), and
filtrated with a hydrophilic polytetrafluoroethylene (PTFE) type membrane filter with
0.45 pm pore size (25HP045AN, ADVANTEC). The radioactivity of Na-22 or Cs-137
in the filtrate was determined with a well-type Nal(Tl) scintillation detector
(AccuFLEXy7000, Aloka, Ltd.). The batch sorption experiment was conducted in
triplicate for each experimental condition, in addition to a blank test which was
conducted without solid phase to check the sorption of the tracers on the inner wall of
the centrifuge tube. The radiotracers of Na-22 (PerkinElmer. Inc.) and Cs-137 (Eckert &
Ziegler Isotope Products Inc.) were obtained from Japan Radioisotope Association

(JRIA).

3.2.3 Non-steady diffusion method

The apparent diffusion coefficients (D,) of Na" and Cs" ions in the HCP
samples with different w/c ratios were determined by a non-steady diffusion method
with an instantaneous source (Na-22 or Cs-137), as described in Section 2.2.3. The
tracer solutions spiked to the HCP sample were 4x10° M NaCl containing 400 kBq of
Na-22 and 2x10° M CsCl containing 370 kBq of Cs-137. After the diffusion, in order to
determine the concentration profile, the HCP sample was powdered with emery paper
into sections of 0.15-0.5 mm thickness in the direction of diffusion from the side on
which the radiotracer was spiked. The radioactivity of Na-22 or Cs-137 of the powdered
HCP specimen was determined with an Nal scintillation counter (AccuFLEXy7000,

Aloka, Ltd.).
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Table 3-1 Degree of hydration («), total porosity (¢, ), capillary porosity (¢, ), and gel porosity (¢, ) for

cap

HCP used in the experiments. At w/c ratio of 0.36, HCP samples used for Na’ ion and Cs’ ion

experiments were different.

w/c ratio Hydration degree Total porosity Capillary porosity Gel porosity
Nuclide
[_] a [-] gtot [-] gcap [-] ggel [-]
Na 0.713 0.288 0.152 0.136
0.36
Cs 0.722 0.295 0.147 0.148
0.45 Na, Cs 0.777 0.357 0.221 0.136
0.60 Na, Cs 0.809 0.432 0.335 0.097
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Table 3-2 Components of the cement-equilibrated water.

Element Concentration [mM]
Na 4.3
K 20.0
Ca 52.1
Si <1
Al nd.”
Fe nd.”

*: not detected
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Table 3-3 Conditions of the batch sorption experiment.

w/c ratio  Particle size  Solid:Liquid ratio ~ Concentrations of Na" and Cs" Sorption period Temperature
[-] [um] [-] [mM] [days] [K]
107,5x107, 5% 107, 10" 14 303
0.36 <75 1:100 107 3,5,7,21 303
107 14 293,303,313, 323
0.45, 0.60 <75 1:100 10 14 303
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3.3  Results and discussion
3.3.1 Sorption of Na' ion and Cs" ion on HCP
No change in the radiotracer concentration in the liquid phase was detected in

the blank tests, indicating sorption of the tracer on the inner wall of the centrifugation
tube was negligible. Therefore, the apparent distribution coefficient, K,, can be
determined from the batch experiment initial concentration (C,) and the equilibrated

concentration (C,, ) of the radiotracer in the liquid phase by using the following

equation:
; (3-1)

where V' is the volume of liquid phase (ml) and M is the weight of solid phase (g).

In the sorption experiment, however, the radiotracer concentration at

equilibrium in the liquid phase was the same as the initial concentration (i.e. C; =C,, ),
indicating that neither Na-22 nor Cs-137 sorb on the HCP (i.e. K, =0) under the
experimental conditions in this study. This seems to be inconsistent with the previous
studies reporting the sorption of Na' ion [6] and Cs' ion [7] on a synthesized
calcium-silicate-hydrate (C-S-H), which is a major hydrate of the HCP. However, this
discrepancy can be attributed to the orders of magnitude higher concentrations of the
tracers used in the previous study (Na':0.1-300 mM, Cs': 500 mM) than those in this

study (Na*, Cs™: 107 - 10" mM).

3.3.2 Diffusion coefficients of Na' ion and Cs" ion

Figure 3-1 and Figure 3-2 show typical concentration profiles of Na-22 and
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Cs-137 in HCP obtained in the instantaneous-source diffusion experiment, respectively.
A good linearity was obtained in all cases of w/c ratio and temperature when the
logarithm of the tracer concentration was plotted as a function of x°. The apparent
diffusion coefficients (D,) of Na" and Cs' ions in HCP were determined by using
Equation (2-7) as described in section 2.3.2, and are listed in Table 3-4. The D, values
of Na" and Cs" ions ranged from 5.0x10"> m* s™ to 6.0x10"" m? s™" and from 5.7x10™"2
m’ s to 1.0x10"° m* s, respectively, at w/c ratios ranging from 0.36 to 0.60 and at
diffusion temperatures between 293 and 323 K.

Figure 3-3 shows the D, values of Na" and Cs" ions at 303 K as a function of
w/c ratio, together with those of HTO obtained in Chapter 2 by the same experimental
method. The D, values of Na" and Cs” ions increased with an increase in w/c ratio
similar to the HTO results. The values of D, decreased in the order of HTO > Cs" >
Na'. This order corresponds to the order of their diffusivities in bulk liquid water, i.e.
2.4%x10° m? s for HTO [8], 1.35X 10 m? s”! for Na" ion [9], and 2.11 X 10® m* s for

Cs'ion [9].

3.3.3 Activation energies for the diffusion of Na" ion and Cs" ion

Arrhenius plots of the D, values of Na" and Cs" ions in HCP at different w/c
ratio are shown in Figure 3-4 and Figure 3-5, respectively, together with regression

lines determined by the least-squares method. A good linearity was identified for the

D, values of Na" and Cs’ ions at each w/c ratio, suggesting the diffusion is dominated

by a single process which can be described by the Arrhenius equation, i.e. Equation

(2-10) in Chapter 2. The E, values obtained for Na" and Cs" ions are listed in Table

7



+ + . . . . . .
3-4. The E, values for Na and Cs ions increased with a decrease in w/c ratio similar

to the results of HTO.

3.3.4 Diffusion mechanism of Na' ion and Cs" ion in HCP

The HCP can be considered to be porous media having capillary and gel pores
in it, as discussed in Chapter 2. If the migration of the radiotracer in the HCP is retarded
by sorption, the apparent diffusion coefficient (D,) can be expressed with the

distribution coefficient (K, ) by the following equation;

1 1
D, = .——D
“ 1+(p-K,)e FF. "

(3-2)

where D, is the diffusivity in bulk liquid water, F.F. is the formation factor for the
diffusion pathway, & is the volume ratio of pore available to diffusion, and p is the

density of a sample. By substituting the Equation (3-2) with the Equation (2-10), the

D_ can be expressed by the following equation;

1 E! — AH
—J (3-3)

E

D,=D) exp(— R;"j = (,0 X0 )/e D! exp[— RT

where the superscript of “0” indicates that the diffusivity is an arbitrary constant and

E"" is the net activation energy for diffusion process without sorption, and AH is the

enthalpy for sorption (kJ mol™). This means that the E, value obtained from the

temperature dependence of the D, values contains the contribution of the sorption
enthalpy (AH );

E =E" —-AH . (3-4)

The AH value can be determined from the temperature dependence of the distribution
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coefficients expressed in the Van’t Hoff’s equation [10];

AH
K, =B'exp —— |, 3-5
d P( RT) (3-5)

where B’ is an arbitrary constant, R is the gas constant (8.31 J mol” K'), and T is
absolute temperature (K).

In this study, however, the sorption enthalpy (AH ) for Na” and Cs" ions on the
HCP was negligible, since no sorption was identified both for Na" and Cs" ions on the
HCP as mentioned in the section 3.3.1. Therefore, the E, value for the diffusion of
Na" and Cs' ions in the HCP obtained in this study can represent a predominant
diffusion process.

Figure 3-6 shows the w/c ratio dependence of the E, values of the diffusion
of Na" and Cs" ions in HCP, together with the £, values of HTO in HCP, and the E,
values of HTO, Na" and Cs' in bulk water. The E, values for Na’" and Cs" diffusion in
HCP at w/c ratio of 0.60 (Na': 14.8 kJ mol™, Cs™: 18.7 kJ mol™) were almost the same
as the values in bulk water (Na': 18.4 kJ mol™, Cs™: 16.4 kJ mol [9]), suggesting that
the dominant diffusion process at high w/c ratio is similar to diffusion in bulk water. On
the other hand, at lower w/c ratio, especially at the w/c ratio of 0.36, the values of E
were significantly greater than in bulk liquid water (Na": 34.1 kJ mol”, Cs": 31.3 kJ
mol™), suggesting that the dominant diffusion process is different. As discussed in
Chapter 2, a dominant diffusion pathway of water in the HCP can be the capillary pores
with a small volume of gel pores arranged in series in the direction of diffusion. Since
Na' and Cs' ions are highly soluble and do not sorb on the HCP, it is possible that these

cations diffuse in the same pathway as HTO, although these cations are hydrated in
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water and have larger diameters compared to water molecules.

The same diffusion model proposed in Chapter 2 for HTO, so-called “Serial
model” expressed by the equation (2-11), was examined by fitting with the experimental
diffusion data obtained for Na" and Cs' in this study in order to clarify the diffusion
mechanism of the cations in the HCP. The D** and E** values of diffusion of Na*
and Cs' ions in bulk water were obtained from literature; 1.35 X 10° m? s and 18.4 kJ
mol” for Na' ion, and 2.11 X 10® m? s™ and 16.4 kJ mol” for Cs" ion [9]. There are no
data available, however, for the values of D' and E® for the diffusion of Na" and
Cs' ions in the supercooled bulk water. Therefore, these two values were treated as
fitting parameters, while using the values of n and F.F. obtained for HTO in
Chapter 2 (n: 0.076, FF: 75.7 at w/c ratio of 0.36, n: 0.015, F.F: 56.8 at w/c ratio of
0.45, and n: 0.010, FF: 25.7 at w/c ratio of 0.60, as shown in Table 2-4).

Figure 3-7 and Figure 3-8 show the results from the fitting to the experimental
data of the D, for Na" and Cs" ions, respectively. The fitting curve at each w/c ratio
mostly reproduced the experimental data of the D, for Na" and Cs’ ions. Small
discrepancies were observed between the fitting curve and the experimental data at high
temperature and high w/c ratio in both cases of Na’ and Cs" ions. The D' and E"
values obtained from the fitting were 4.6 X 10" m* s and 41.4 kJ mol” for Na' ion,
and 52X 10" m? s and 36.8 kJ mol™ for Cs" ion, which were close to those for water
molecules in supercooled bulk water (1.6x107'° m? s and 44.4 kJ mol’, respectively
[11]). These results suggest that not only HTO but also alkali cations may
predominately diffuse through the capillary pore network which is partially plugged

with the gel of hydrate.
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Considering the remarkably larger sizes of hydrated cations (> 200 pm)
compared to water molecules (O-H bond distance <100 pm), narrow regions may exist
in which only HTO can access and diffuse but not Na" or Cs'. If the case, the values of
n are smaller for Na" and Cs" ions than for HTO, and the values of F.F. are greater
than for Na" and Cs" ions than for HTO. The discrepancies observed between the fitting
curve and experimental data for Na" and Cs™ ions may be caused by the use of the
values of n and F.F. obtained for HTO. A greater value of n will make the fitting
curve steeper, and the effects of using the values of #» and F.F. obtained for HTO to
model Na” and Cs' on the fitting can become at low w/c ratio where the n value is
large even for HTO, leading to significant discrepancies observed at high temperature
and high w/c ratio.

As conclusion, not only HTO but also alkali cations can be considered to
diffuse mainly through capillary pores with a small volume of gel pores which is
arranged in series in the direction of diffusion. However, a detailed evaluation of the
diffusion behavior of cations in HCP, especially the degree of the contribution of gel
pores, was impeded by the lack of parameters including activation energies of diffusion
and diffusion coefficients of cations in supercooled bulk water (EX', D'). One way to
estimate the values of D' and EX for cations may be molecular dynamics
simulations. These values will enable further examination of the diffusion mechanisms

of cations in HTO using the “serial model”.
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Table 3-4 Apparent diffusion coefficients ( D, ) and activation

energies (E,) for Na’ and Cs” ions in HCP.

w/c D, [X10" m*s™] E,
Tracer
ratio 293 K 303 K 313K 323 K [kJ mol'l]
0.50 0.66 1.1 2.1
0.36 34.11+2.8
0.53 0.71 1.1 1.7
1.3 1.7 2.9 34
Na-22 0.45 272+1.7
1.2 1.7 2.7 3.3
34 4.4 5.6 5.9
0.60 148+1.3
34 4.6 53 6.0
0.57 1.3 1.5 2.1
0.36 31.3+4.0
0.59 0.80 1.5 1.7
1.8 2.3 3.6 4.2
Cs-137 0.45 22.0+23
1.8 2.3 3.7 3.6
4.6 5.7 7.5 10.0
0.60 18.7+1.7
4.4 5.7 7.1 8.2
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Figure 3-1  Concentration profile of diffusion for Na-22 (w/c ratio

0.45, at 303 K).
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Figure 3-2  Concentration profile of diffusion for Cs-137 (w/c ratio

0.45, at 303 K).
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Figure 3-4  Dependence of the apparent diffusion coefficients of

Na-22 on temperature.
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Figure 3-5  Dependence of the apparent diffusion coefficients of

Cs-137 on temperature.
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Figure 3-8  Fitting results for Cs-137 by the serial model.
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34 Conclusions

In order to study the diffusion behavior of Na” and Cs' ions in HCP, the batch
sorption experiment and the one-dimensional, non-steady diffusion experiment were
conducted using Na-22 and Cs-137 as tracers. The batch sorption experiment revealed
that neither Na" nor Cs" ions were sorbed on the HCP, and that no contribution of the
sorption enthalpy on the activation energy for the diffusion of cations is expected. The
apparent diffusion coefficients for Na" and Cs’ ions obtained from the diffusion
experiment increases with the increases in w/c ratio and temperature. The activation
energies for the diffusion of Na" and Cs' ions, which were determined from the
temperature dependence of the apparent diffusion coefficients at each w/c ratio,
decreased from 34.1 kJ mol™ to 14.8 kJ mol™ for Na” ion and from 31.3 kJ mol™ to 18.7
kJ mol™ for Cs* ion when w/c ratio was increased from 0.36 to 0.60. These findings
suggest that there are at least two diffusion processes for cations, similar to water, in
HCP. The same diffusion model proposed for HTO, so-called “Serial model”, was
examined by fitting with the experimental diffusion data of cations obtained in this
study in order to clarify the diffusion mechanism. The fitting curve at each w/c ratio
mostly reproduced the experimental data of the D, for Na" and Cs' ions, suggesting
that not only HTO but also alkali cations diffuse through mainly capillary pores with a
small volume of gel pores which is arranged in series in the direction of diffusion.
Because diffusion coefficients and activation energies of diffusion for Na" and Cs" ions
in supercooled bulk water were not available, the n and F.F. values obtained for
HTO in Chapter 2 was used in Chapter 3. Further investigation into the diffusion

coefficients and activation energies of cations in supercooled bulk water will enable the
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more precise evaluation and interpretation of parameters n and F.F. for Na" and Cs"
ions in comparison to HTO, which may lead to a better understanding of the diffusion

mechanisms of cations in the HCP.
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Chapter 4
Water-to-cement ratio dependence of diffusion behavior

of CI ion in hardened cement pastes

4.1 Introduction

Radioactive waste contains radionuclides with relatively long half-life which
can dissolve as anionic species in groundwater. For the safety assessment of the
radioactive waste disposal, migration behavior of such anionic species in the
cement-based materials needs to be studied in detail as well as water and cations.
However, the AFm (alumino-ferrite monosulfate hydrate) phase in the HCP are known
to have ability to sorb anionic species on their surface by ion exchange with sulfate ion
[1], which can lead to the formation of other phases such as Friedel’s salt or Kuzel’s salt
[2-4]. Therefore, unlike HTO and cations, these chemical reactions should be
considered when diffusion behavior of anion in the HCP is studied.

Chloride is a chemically stable monovalent anion, and its radioisotope, CI-36,
is a key radionuclide in the radioactive waste disposal since it can be generated in a
nuclear reactor and has long half-life of 3.08 X 10° years. In addition, chloride is an
important chemical species to affect the corrosion of an iron reinforcing bar in
reinforced concrete. From these viewpoints, diffusion coefficients of chloride ions in
cement-based materials have been experimentally determined [5-7], together with
chemical and electrochemical characteristics of the cement hydrate surface so as to
understand the diffusion behavior of chloride ions in the cement-based materials [2, 3,

8-10]. However, diffusion mechanism of chloride ions in the HCP is still being
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discussed due to the complexities of chemical reactions and the microstructure of the
potential diffusion pathways in HCP.

In this chapter, batch sorption experiments using Cl-36 as radiotracer were
conducted under different temperature conditions similar to the cations in Chapter 3 so
as to obtain information on the chemical reactions and sorption ability of the HCP with
CI ions. In addition, diffusion coefficients and the activation energies were determined
from the diffusion experiments using Cl-36. Diffusion mechanism of CI” in the HCP,
especially applicability of the “Serial model” to the C1™ diffusion, was discussed based
on the changes in the activation energy for the diffusion and the sorption enthalpy as a

function of the w/c ratio.
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4.2 Experimental methods
4.2.1 Preparation of HCP samples

The HCP samples were prepared and characterized by the same methods
described in Section 2.2.1 and 2.2.2, respectively. The density ( p) degree of hydration

(a), total porosity (¢,,), capillary porosity (&

cap

), and gel porosity (&,,) for HCP

samples used in the sorption and diffusion experiments are shown in Table 4-1.

4.2.2 Batch sorption

The batch sorption experiment of Cl ion was performed by the same method
described in Section 3.2.2. The initial Cl concentration in liquid phase was set to 10~
mM by adding 20 ul of 5x10° M NaCl solution labeled with CI-36. Radiotracer of
CI-36 (American Radiolabeled Chemicals Inc.) was obtained from Japan Radioisotope
Association (JRIA). Sorption experiments were conducted at temperature from 293 to
323 K for a period of time ranging from 1 to 35 days. The radioactivity of CI-36 in

liquid phase was measured with a liquid scintillation counter (LSC-5100, Aloka, Ltd.).

4.2.3 Non-steady diffusion method

The apparent diffusion coefficients (D, ) of Cl ions in the HCP with different
w/c ratios were determined by non-steady diffusion method with an instantaneous
source (C1-36), as described in Section 2.2.3. Tracer solution of 2x10® M NaCl labeled
with CI-36 was spiked on one side of the cylindrical shaped HCP sample. The amount
of radiotracer spiked on the HCP was 450 Bq. After the diffusion from 4 to 48 days, the

HCP samples were powdered with emery paper to obtain specimen from sections which
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are 0.20-0.50 mm thick from the side of the HCP sample where the radiotracer was
applied. The radiotracer of CI-36 was then extracted by immersing the powdered HCP
specimen into 0.5 M HNOj solution for more than 1 day. The radioactivity of Cl-36
extracted from the HNO; solution was determined with a liquid scintillation counter
(LSC-5100, Aloka, Ltd.) after HNOj solution was neutralized with NaOH solution and
mixed with a scintillator (InstaGel, Pakard, Ltd.). The radiotracer of CI-36 used for the
diffusion experiments was the same as the radiotracer used for the sorption experiments.
The HCP samples were characterized before and after the diffusion experiments by the
methods described the Section 2.2.2 so as to confirm the samples were not deteriorated

during the diffusion.
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Table 4-1

Density (o), degree of hydration («), total porosity (¢,,),

capillary porosity (¢,,), and gel porosity (s,,) for HCP

used in experiments.

w/c ratio P o g, Eeap € el

[-] [gem’] [-] [-] [-] [-]
0.36 1.83 0.713 0.287 0.152 0.136
0.45 1.63 0.772 0.341 0.223 0.117
0.60 1.41 0.829 0414 0.328 0.086
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4.3 Results and discussion
4.3.1 Sorption of Cl ion on HCP

In the batch sorption experiments, the radiotracer concentration of CI-36 in
liquid phase decreased for a period of time, until it reached constant after 21 days,
suggesting chemical equilibrium state was attained by 21 days. The distribution
coefficient, K,, can be determined from the initial concentration (C,) and the
equilibrated concentration (C,,) of the radiotracer in the liquid phase by the equation
(3-1). It is noted that the K, values obtained in this study may not represent only an
equilibrium state of Cl” sorption on the HCP, since chlorine can react with AFm phase to
form other solid phase such as Friedel’s salt and Kuzel’s salt [2-4]. Therefore, hereafter,
the apparent distribution coefficient, K ;”, is used instead of the distribution coefficient,
K, , in this chapter.

The apparent distribution coefficients (K ;”) for Cl ion obtained are listed in
Table 4-2. The K;” value for the HCP sample ranged from 27.3 to 35.3 ml g at wic
of 0.36, from 16.0 to 22.9 ml g at w/c of 0.45, and from 11.6 to 22.3 ml g at w/c of
0.60. The K;” wvalues decreased with an increase in w/c ratio, and with decrease in
sorption temperature. Figure 4-1 shows the dependences of the K;* values on
temperature at each w/c ratio, together with regression lines determined by the
least-squares method. A good linearity was identified for the K;* values. Based on the
temperature dependence of the K values, the apparent sorption enthalpy (AH “")
was determined using Van’t Hoff equation (Equation (3-5)). The apparent sorption
enthalpy (AH “") obtained in this study are shown in Table 4-2. The AH“” values

were positive ranging from 2.7+1.4 to 11.3+1.9 kJ mol”' and increased with an
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increase in w/c ratio, suggesting that the overall reaction is endothermic.
Chloride ion is known to sorb on C-S-H [3] and AFm phase in the HCP [2, 3].
In the case of sorption on the C-S-H phase, calcium ion bridges a silanol site of the
C-S-H phase and a chloride ion as follows [8-10]:
=SiOH + Ca** + Cl~ <=Si0CaCl+ H", (4-1)
The equilibrium constant (log K ) of this reaction is —8.90 [8]. On the other hand,
chloride ions and the AFm phase can react to form Kuzel’s salt (3CaO - (Al,03/Fe;03)"
0.5CaCl; - 0.5CaS0O4 - 10H,0) or Friedel’s salt (3CaO - (Al,O3/Fe,03) - CaCl, - 10H,0)
under high CI” concentration [2, 3]. These formations of the salt can reduce the diffusion
coefficient of C1” ion in the HCP if they occur even at low CI concentration (10 M for
sorption experiments, and 2x10° M for diffusion experiments in this study). Positive
sorption enthalpy for CI” ion on the HCP is likely to be observed for the formation of
Fe-Friedel’s salt, of which the equilibrium constants and enthalpy are 12.91 and 174.8

kJ mol™ [8].

4.3.2 Diffusion coefficients of CI ion
A typical concentration profile of *°Cl ion obtained in a diffusion experiment is
shown in Figure 4-2. A good linearity was obtained in all cases when the logarithm of

the tracer concentration was plotted as a function of x°. The apparent diffusion

coefficients (D, ) of Cl ion in the HCP were determined in the same way as described
in section 2.3.2, and are listed in Table 4-3. The D, values of Cl ion ranged from
5.0x10™ m* s to 3.2x10"* m* s at w/c ratio from 0.36 to 0.60 and at diffusion

temperature from 293 to 323 K.
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Figure 4-3 shows the D, values of Cl ion at 303 K as a function of w/c ratio,
together with those of HTO. It is noted that the D, values of CI ion is approximately
two-order smaller than those of HTO, although CI ion and HTO have almost the same
diffusivity in bulk liquid water (2.03 X 10® m® s™" for CI" [11] and 2.4 X 10” m* s™' for
HTO[12]). This finding suggests that Cl ions in HCP are significantly retarded in the

HCP, probably due to high apparent distribution coefficient.

4.3.3 Activation energy for the diffusion of Cl ion

Figure 4-4 shows Arrhenius plots of the D, values of Cl ion in the HCP at
each w/c ratio, together with regression lines determined by the least-squares method. A
good linearity was identified for the D, values of Cl 1on at each w/c ratio, suggesting
the diffusion is dominated by a single process which can be described by the Arrhenius
equation, i.e. Equation (2-10) in Chapter 2. The E, values obtained for Cl ion are
listed in Table 4-3. The E_, values for Cl ion increased with a decrease in w/c ratio as

same as HTO in Chapter 2, Na" and Cs" ions in Chapter 3.

4.3.4 Diffusion mechanism of Cl ion in HCP

As discussed in the previous chapter, £, value obtained from the temperature
dependence of the D, values may contain the contribution of the sorption enthalpy
(AH). In case of CI ion, this contribution cannot be ignored since the values of the
sorption enthalpy obtained in the batch sorption experiments were positive. In this
chapter, therefore, the net value of activation energy, E'“, for the CI” diffusion was

calculated by subtracting the apparent sorption enthalpy from the activation energy
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obtained in the diffusion experiments, according to the equation (3-4). The E'“ values
are listed in Table 4-3. The E’* values ranged between 50.9 4.2 (at w/c of 0.60) and
64.2+7.9 kI mol™ (at w/c of 0.36), and were significantly higher than the E_ value in
bulk liquid water (17.4 kJ mol™ [11]). This high activation energy indicates that unlike
HTO and cations, capillary pores filled with water similar to bulk liquid water are not
the predominant pathway for chloride diffusion in the HCP even at high w/c ratio.
According to the “Serial model” discussed in Chapters 2 and 3, the HCP
sample has diffusion pathways of capillary pores and gel pores arranged in series in the
direction of diffusion, and the dominant pathway for HTO and cations mostly consists
of capillary pores. However, considering relatively high K/ value of Cl ion, only a
small fraction of Cl ions, less than 3%, is present in the liquid phase; most of the CI”
ion are on the solid phase either sorbed on HCP or formed other solid phase. When most
of CI” ions are distributed in or on solid phase, bulk liquid water in capillary pores
cannot work as dominant diffusion pathway; the net activation energy obtained for the
CI" diffusion can be attributed to the movements of CI” ions on the surface of the solid
phase which is covered by the supercooled liquid water. On the other hand, if high
concentration of CI™ ion is introduced to the HCP as tracer, it is likely that the diffusion
coefficient of Cl” ion increases and its activation energy decreases since the high
concentration of the tracer can decrease the distribution coefficient, resulting in the
increase in the contribution of the bulk liquid water to the CI™ diffusion. When all the
sorption/reaction sites are filled, Cl” diffusion in capillary pores become dominant and
the diffusion coefficient and the activation energy will approach the values in the bulk

liquid water. Page et al. [5] conducted through-type diffusion experiments in which the
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HCP sample was continuously contacted with a high concentration of CI" (1 M NaCl
solution), and reported the activation energy for the effective diffusion of Cl ion which
does not include the sorption enthalpy, i.e. corresponding to the net activation energy.
The reported values of 41.8 4.0 kJ mol™ at w/c ratio of 0.40, 44.6+4.3 kJ mol™ at w/c
ratio of 0.50, and 32.0+2.4 kJ mol” at w/c ratio of 0.60 were slightly lower than the
values obtained in this study (about 55 kJ mol™). This discrepancy is likely to be caused
by the orders of magnitude difference in C1” concentration applied to the HCP.

In conclusion, the predominant diffusion pathway for CI” ion in the HCP is not
bulk liquid water in capillary pores. The “Serial diffusion model” cannot be used to
explain the diffusion coefficients of the CI” ion obtained under low tracer concentration
condition, but the model may be applied for diffusion behavior of Cl” ion under high

tracer concentration condition.
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Table 4-2 Apparent Distribution coefficient (K ) and enthalpy

(AH") for apparent sorption of CI ion on HCP.

w/c ratio K" [ml 2] AH P

[-] 293 303 313 323 [kJ mol'l]
27.3 34.1 31.6 32.1

0.36 30.4 30.2 32.5 29.9 2714
28.5 31.0 35.3 30.3
16.9 17.5 21.7 21.6

0.45 17.0 18.2 22.3 22.5 8.0Et1.7
16.0 18.7 21.1 22.9
11.6 14.5 18.2 22.3

0.60 14.0 14.6 17.5 19.3 11.3%=1.9
13.9 14.6 14.9 16.3
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Table 4-3 Apparent diffusion coefficients ( D, ) and activation

energy (E, and E)) for CI ion in HCP.

wi/c ratio D, [X10"°m’s™] E, E"™
[-] 293K 303K 313K 323K [kJ mol™] [kJ mol]
0.66 0.89 2.0 5.0
0.50 0.81 1.9 5.2
0.36 61.5+7.7 64.2+7.9
— — 3.9 —
— — 3.9 —
1.4 2.2 6.2 7.6
0.45 50.2+4.4 582447
1.3 2.0 5.3 9.0
7.8 14.0 16.0 31.0
0.60 39.6+3.7 50.944.2
5.6 12.0 20.0 32.0
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Figure 4-1 Dependence of distribution coefficient for CI” ion

on temperature at w/c ratio of 0.36, 0.45, and
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Figure 4-4 Arrhenius plots of the apparent diffusion coefficients of

Cl ion in HCP at w/c ratio of 0.36, 0.45, and 0.60.
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4.4 Conclusions

In order to study the diffusion of CI ion in HCP, the batch sorption and
non-steady diffusion experiments were conducted at different temperature from 293 to
323 K using CI-36 as a tracer for the HCP samples prepared at w/c ratio from 0.36 to
0.60. The apparent distribution coefficient of ClI" ion on the HCP ranged from 11.6 to
35.3 ml g at w/c ratio of from 0.36 to 0.60, and it decreased with the increases in w/c
ratio and temperature. The apparent sorption enthalpy determined from the temperature
dependence of the distribution coefficients increased from 2.7 to 11.3 kJ mol™ as the
w/c ratio increased from 0.36 to 0.60. The apparent sorption of CI ion on HCP was
found to be an endothermic process.

The apparent diffusion coefficient obtained in this study ranged from 5.0x10™"*
m® s to 3.2x10" m? s™' at w/c ratio from 0.36 to 0.60. It increased with the increases in
the w/c ratio and the diffusion temperature. The activation energy for the diffusion of
Cl ion in HCP decreased from 61.5 to 39.6 kJ mol™' with an increase in the w/c ratio
from 0.36 to 0.60. The net activation energy for diffusion is higher than the activation
energy of diffusion in bulk liquid water, suggesting the bulk liquid water in the capillary
pores is not the predominant diffusion pathway for CI” ion. The “serial model” cannot
be applied to the Cl diffusion at least at low tracer concentration when most of Cl ions

are on the solid phase, and do not exist in bulk liquid water.
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Chapter 5

Conclusions

Cement-based materials will be used as barrier materials such as solidifications,
fillers, and low diffusion layers for low-level radioactive waste disposal. On the other
hand, alkaline components leached from cement-based materials, which is also used in
large quantities as structural materials and grout for low-level and high-level radioactive
waste disposal, are possible to deteriorate the performance of the other barrier materials
(bentonite and geological features). Therefore, it is very important to elucidate the
diffusion mechanisms of chemical species in cement-based materials in order to assess
the barrier performance of cement-based materials and the influence of cement alkaline
components on the other barrier materials (bentonite and geological features). This
study is intended to give new insight into the diffusion mechanisms in hardened cement
paste (HCP), as a basic study for the safety assessment of the disposal of both low-level
and high-level radioactive waste.

In Chapter 2, the diffusion behavior of water was examined based on the
dependence of apparent diffusion coefficients and activation energies on w/c ratio. The
apparent diffusion coefficients of water were obtained as functions of w/c ratio and
temperature using HTO as a tracer by a non-steady diffusion experiment. In addition,
non-steady diffusion experiments using H,'®0 as another tracer were also conducted in
order to check the influence of dissociation products of HTO on diffusion. The apparent
diffusion coefficients of HTO were in agreement with those of H,'®0, suggesting that

both HTO and H,'®O predominantly diffuse as H,O molecule: the dissociation of water
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molecule is not significant for HTO diffusion even in alkaline porewater in HCP. The
apparent diffusion coefficients of HTO positively correlated with w/c ratio and
temperature. The activation energy for diffusion was determined from the temperature
dependence of apparent diffusion coefficients using Arrhenius equation. The activation
energy at lower w/c ratio of 0.36 was higher than in bulk liquid water, while the
activation energy at higher w/c ratio of 0.60 was close to that in bulk liquid water. The
finding suggested that gel pores, which are filled with water similar to supercooled bulk
water, contribute to HTO diffusion in HCP in addition to capillary pores filled with bulk
liquid water. Two diffusion models consisting of capillary and gel pores were proposed
based on the microstructure of HCP and the nature of water in pores. By optimizing the
model to the experimental data, a degree of the contribution of gel pores to diffusion
and the pore geometry were examined. The result showed that dominant diffusion
pathway of water in HCP is a pore network mostly consisting of capillary pores plugged
with a very small part of gel pores.

In Chapter 3, the diffusion behaviors of cations were examined using Na-22
and Cs-137 as tracers by batch sorption and non-steady diffusion experiments. The
batch sorption experiment revealed no sorption of Na™ and Cs" ions on HCP and no
contribution of sorption enthalpy on the activation energy for the diffusion. The
apparent diffusion coefficients of Na" and Cs" ions increased with increases in w/c ratio
and temperature. The activation energies for Na" and Cs" diffusion in HCP at higher w/c
ratio were close to those in bulk liquid water, and increased with a decrease in w/c ratio,
similar to the results of HTO. This finding suggested that gel pores contribute to Na"

and Cs' diffusion in HCP, similar to HTO. The experimental data of Na" and Cs’
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diffusion can be mostly reproduced by applying the same diffusion model (i.e. serial
model) developed in Chapter 2, suggesting that Na" and Cs" ions also diffuses mainly
through the capillary pore network plugged by a very small part of gel pores.

In Chapter 4, the diffusion behavior of anions was examined using CI-36 as a
tracer by batch sorption and non-steady diffusion experiments. The apparent distribution
coefficients increased with a decrease in w/c ratio and an increase in temperature. The
apparent sorption enthalpies, which were determined from the temperature dependence
of the apparent distribution coefficients, were positive in all cases of w/c ratio,
indicating that the sorption of CI ion on HCP was an endothermic process. The
apparent diffusion coefficients increased with increases in w/c ratio and temperature.
The apparent activation energy for Cl diffusion increased with a decrease in w/c ratio
similar to the results of HTO, Na', and Cs" ions. However, the net activation energies
for Cl diffusion, which were determined by subtracting sorption enthalpies from
apparent activation energies, were significantly higher than in bulk liquid water even at
higher w/c ratio. This finding suggests that capillary pores filled with bulk liquid water
were not the predominant diffusion pathway, and the “serial model” developed in
Chapter 2 for HTO cannot be applied to the diffusion of chemical species that are
mostly sorbed to cement hydrates and do not exist in the liquid phase.

This thesis provided new findings on the relationship of diffusion of neutral
species (HTO) and ionic species to microstructure of HCP filled with water of different
nature from the viewpoint of the activation energy for diffusion. Assuming capillary
pores are filled with free water while gel pores are filled with water similar to

supercooled bulk water, the higher activation energy of diffusion suggests a contribution
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of gel pores and the degree of contribution of gel pores was evaluated using a model.
This analysis revealed that dominant diffusion pathway for neutral species and cations
are mostly capillary pores with a very small contribution of gel pores. The volume of
gel pore that participates in diffusion is much smaller than the actual volume of gel
pores in HCP determined experimentally, suggesting that only the gel pores that plug
capillary pores contribute to diffusion. Analysis of sorption, diffusion, and activation
energy results of anions showed that capillary pores filled with bulk liquid water were
not the predominant diffusion pathway for anions. This approach of examining the
activation energy of diffusion developed in this thesis will also enable us to elucidate
the diffusion behavior of chemical species in other types of cementitious materials. The
findings in this thesis on the diffusion in cementitious materials may be able to
contribute not only to a reliable performance assessment of the radioactive waste
disposal but also to studies of the physical and chemical properties of cement-based

materials used in other fields.
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