UCLA

UCLA Electronic Theses and Dissertations

Title

Studies on Irradiation and Electric Potential Effects toward Mineral Atomic Structure and
Chemical Reactivity

Permalink
https://escholarship.org/uc/item/6gw4s60d
Author

Hsiao, Yi-Hsuan

Publication Date
2019

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6qw4s60g
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Studies on Irradiation and Electric Potential Effects toward Mineral Atomic Structure and

Chemical Reactivity

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in Civil Engineering

by

Yi-Hsuan Hsiao

2019



© Copyright by
Yi-Hsuan Hsiao

2019



ABSTRACT OF THE DISSERTATION

Studies on Irradiation and Electric Potential Effects toward Mineral Atomic Structure and

Chemical Reactivity

by

Yi-Hsuan Hsiao
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2019
Professor Mathieu Bauchy, Co-Chair

Professor Gaurav Sant, Co-Chair

First, we focus on the effect of neutron irradiation on the durability of silicate and
carbonate mineral aggregates. Comparisons of mineral dissolution rates, as a function of pH,
temperature, or surface potential, were performed at pristine or Ar* ion irradiated state. The
experimental results were coupled with MD simulations of atomic scale alteration in the
crystallographic structure of the mineral and any resulting changes in physical properties that
result. In detail, albite (NaAlSizOsg), a 3D framework silicate, is compared with a less
polymerized silicate (i.e., almandine) and carbonates (e.g. calcite, and dolomite), which are also
often present in the mineral aggregates that compose concrete. When exposed to radiation, the
crystal structures of minerals have possibilities to undergo significant alterations. These

alterations may perhaps enhance its chemical durability, and thus degrade the infrastructure



durability. This relatively higher enhancement in the dissolution rate of silicates compared to
carbonates following irradiation has significant impacts on the durability of concrete containing
them up on their exposure to radiation in nuclear power plant environments.

Second, the effect of electric potential to calcite dissolution kinetics is examined. The
accelerated ion transportation by potential further enhances calcite dissolution, whereas the
extent of induced dissolution depends on the pH, ionic strength, and temperature. Calcite
dissolution rate is enhanced in acidic to neutral pH solution, but remains constant in alkaline pH.
From this, it reveals that the potential-induced dissolution rates are governed by the rate-limiting
step in the dissolution mechanism. In addition, by varying solution ionic strength, stronger ionic
strength results in less dissolution rate enhancement due to the lower ion diffusivity. As from the
examination of the temperature effect, the potential-induced dissolution rate enhancement shows
that electric potential does not increase calcite dissolution rate significantly compared to
temperature.

In sum, it can be concluded that the mineral chemical reactivity can be enhanced by
introducing external stimulus, and the magnitude of the rate enhancement depends highly on the
solid atomic structure and the solvent properties. The conclusion and proposed future perspective
of these works can be helpful to enhance the durability of concrete infrastructures and the

relevant engineering applications.
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Chapter 1 Introduction

1.1.  Motivation and Background

Concrete is used for the construction of nuclear power plants (NPPs), e.g., the
containment building, biological shielding and spent-fuel handling buildings, in particular. NPPs,
which is more than 40 years and beyond, is expected to be affected by concrete degradation that
may definitely reduce its functionality and infrastructure durability. [1-3] Concrete, the primary
support structure for the infrastructure, is exposed to neutron radiation during normal operation
in nuclear power plant (NPP). During operation, the interaction of neutron irradiation with the
concrete’s constituents may cause degradation of the concrete performance, as emphasized by a
review of concrete properties in nuclear power plant (NPP) environments. Neutron irradiation
may cause amorphization of the crystalline components of concrete, i.e., mineral aggregates, or
volume alteration, which are typically expansive in nature. Volume expansion can generate
tensile or compressive stresses within concrete which can induce microcracking and/or result in
debonding of aggregate with the matrix. On the other hand, atomic structural disordering can
further result in alteration in the chemical stability of the phase in highly alkaline aqueous
environments, which is suggested as the same conditions as pore solution in cement paste.

A recent report of the U.S. Nuclear Regulatory Commission/Department of Energy has
identified irradiation effects, alkali-silica reaction (ASR) or alkali-carbonate reaction (ACR) as
two of the major key degradation mechanisms that require priority research in the context of
license renewals. [4] ASR/ACR gels are generated due to the progressive dissolution of reactive
aggregates into the concrete’s caustic pore solution (pH> 13) and the continuous water hydration
of the gels. Following aggregate dissolution, precipitated hydrates that are rich in alkaline ions,
water and silica, ASR gels with varying compositions are formed. This hydrate upon formation
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within the concrete’s or aggregates porosity, can result in deleterious microcracking, and the loss
of mechanical properties due to internal volume expansion.

Although there are several past and ongoing studies, [5-9] comprehension of the effects
of irradiation on the chemical stability properties of aggregates inside the concrete remains very
limited. Mineral aggregates used in concrete are often composed of fragments of rocks including:
granite or limestone, whose constituents include aluminosilicates and carbonates, respectively.
As per the Streckeisen diagram, [10] granites can contain between 20-60% of quartz (SiO2). On
the other hand, limestone is mainly composed of calcite and minor amounts of clay and/or
dolomite. Though the reactivity of quartz are shown to be affected by radiation heavily from
previous studies, [11] the dissolution behavior of other aluminosilicates and carbonate minerals
before and following irradiation are still unidentified.

Irradiation damage caused to minerals, by neutrons or, analogously, heavy-ions such as
Ar* ions has been noted to be similar. [12, 13] Such damages have been described as the so-
called “cascade” models wherein interactions between irradiated ions and mineral atoms cause
the displacements of the primary knock-on atoms (PKAs). As these atoms absorb sufficient
kinetic energy from the incident atoms, they generate “displacements cascades” consecutively
[14] within the atomic network. While the deposited energy imparted into the system reaches a
threshold value, amorphization localizes and causes the atomic disordering. Disordering
indicates the formation of defects and imperfections in initially crystalline mineral structures
including the random movement of atoms to positions far removed from their original positions,
due to collision from the incident atoms. Following irradiation, the crystal structure of mineral

can progressively lose its structural periodicity. [15-17]



Evidence demonstrating that radiation-induced volumetric expansion of concrete
aggregate and the ASR process are the major source of damage in the concrete degradation. [18,
19] Such mechanical damage resulting from the expansion affects the structural properties of the
concrete more intensely than direct irradiation effects on the concrete itself. The effects of
radiation damage on silicates and carbonates (i.e., common minerals in aggregates in concrete)
have been described in terms of changes in chemical reactivity and atomic structure (i.e.,
physical properties related to volume density). [20-22] Of these, both chemical instability and
the volume change are thought to be prominent in silicates, but less significant for carbonates
even for higher neutron fluence from literature. [23] However, the conclusion for the aggregate
selection for NPP environments needs to be further confirmed by various compositions for
silicate or carbonate minerals.

Broadly speaking, the disordering or the amorphization of mineral aggregates is expected
to result in (1) volume changes of mineral aggregates, [24, 25] and (2) increases in chemical
reactivity of mineral aggregates. [6, 7] These effects would be problematic in the context of
concrete durability as the mechanical degradation of concrete due to microcracking of the
binding cement paste matrix, and the chemical degradation of the concrete due to the onset of
alkali-silica reaction (ASR). Therefore, this work elucidates how irradiation alters the chemical
reactivity and the atomic structures of both silicate and carbonate minerals that are commonly
used as aggregates in concrete. Focus is placed on contrasting how irradiation may or may not
influence the chemical reactivity of a mineral with aqueous solutions, quantified in terms of its
dissolution rate in nanoscale. The outcomes have significant implications on specifying radiation

resistant aggregates for use in NPP concretes, and for assessing the risk-profiles of which



concretes and hence NPPs may be possibly more sensitive, to radiation-induced damage, than

others.

1.1.1. Materials Selection

Minerals were selected on the basis of their abundance in common technical aggregates
used in concrete in the U.S. (Figure 1-1). These minerals include: calcite (CaCO3) and dolomite
(CaMg(CO3)2), which are the main constituents of carbonate rocks on the Earth’s surface; quartz
(SiO2), which is one of the most common rock-forming minerals, and is found in rocks including
sandstone, quartzite, granite, and gneiss, among several others; and albite (NaAlSisOg) and
anorthite (CaAl2Si>Og), which are the end-members of the plagioclase group of minerals typical
of magmatic and metamorphic rocks. Almandine (FezAl>SizO12) is one of the end-members in
garnet group, and occurs as porphyroblast in schists. The minerals albite, anorthite, dolomite, and
almandine were obtained from Ward’s Natural Science Company, whereas synthetic samples

(“single crystals”) of quartz (001) and calcite (100) surfaces were sourced from MTI Corporation.
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Figure 1-1: An illustration of the most common aggregates used in United States. (ASTM

C125). [26]



1.2.  Alkali-Silica Reaction (ASR) and Alkali-Carbonate Reaction (ACR)

The degradation of concrete by irradiation is not simply due to individual deteriorations
of cement past and aggregates themselves, but due to the complex reactions between cement and
aggregates. The decrease of concrete durability from nuclear radiation is strongly relating to the
acceleration of alkali-aggregate reaction of concrete, or alkali-silica reaction (ASR) of siliceous
aggregates in concrete, or alkali-carbonate reaction (ACR) of carbonaceous, by nuclear radiation.
Since the ASR gels prevent the deformation of the aggregates, the expansion pressure generated
by the penetration of the solution is accumulated in the aggregates. The accumulated pressure
have possibilities to crack the aggregates and the surrounding concrete, as the pressure exceeds
its maximum tolerance, which triggers the cracking propagation, and thus reduce the concrete

life-time.

1.2.1. Alkali-Silica Reaction (ASR)

The alkali-silica reaction is the reaction of silica-rich aggregates with alkaline solution in
the micropores of concrete, which is one of the main reactions causing severe deterioration of
concrete. Due to the high volume of silica on earth such as quartz, fumed silica, and silicate
minerals, it is used as one of the common aggregates in concrete. As the dissolved silicon ions
from the silicate aggregates into high pH pore solutions in concrete, the deleterious and
undesirable chemical reactions can take place, and gradually impact the concrete infrastructure
by microcracking generation from the expansive reaction product (i.e., ASR gel).

In general, ASR mechanism can be discussed from two aspects: (1) the dissolution and
precipitation reactions from silicate aggregates to form expansive ASR gels; and (2) the water

absorption properties of expansion ASR gels. First of all, silica dissolution happens as the



reactive silica phases interact with high pH solvents, the hydroxyl ions (OH") from the liquid
continuously attack the silicon oxygen bond (e.g. Si-O-Si, SiOz in aggregates) and therefore
generate alkali silicate and silicic acid (i.e., Si-O-H bonds, hydration of SiO2) on the silicate
surface. [27, 28] The silicic acid is a weak acid, and therefore, it reacts with OH- rapidly and
converts to alkali silicate, which can expand by hydration.

Previous studies have indicated that the dissolution rates of the majority silica phases
increase with the activity of hydroxyl ions in solution, [29, 30] therefore, the silica dissolution
rates increase with the solvent pH. In addition, the consumption of OH™ ions further leads to the
dissolution of Ca?* ions into the solution, even though a little amount of dissolved calcium or
aluminum ions in pore solution reacts with hydrated SiO» gels to generate calcium silicate, as
expressed in Equation (1-1). [31] Gaboriaud et al. [32] reported that calcium ions on the right-
hand side of Equation (1-1) only acts as a catalyst and can be abandoned in the end of gelation
reaction, following as Equation (1-2). Therefore, the siloxane bonds (e.g. Si-O-Si) form and the
colloidal gels keep growing by continuous the condensation process of Si ions after the
formation of ASR nuclei. [33] Figure 1-2 is the indication of the ASR gels formation in the
cracking of concrete.

2((HO)3 = Si— 07)gqq + CaZi & ((HO)3 = Si— 0+ Ca-0 — Si(0H)3)se; EQ. (1-1)

(=Si—-0-+Ca0-Si=)+H,0 (=Si—0-Si=)+Ca?" +20H" Eq.(1-2)



Figure 1-2: The ASR gels formed in the interior of aggregate crack. [34]

The expansion of silica gels is due to the absorption of large amount of water molecules,
and the colloidal ions inside the ASR gels are weekly bonded, [34] therefore, the amorphous
ASR gels are amorphous and lack of long-range ordered. The swelling properties of ASR gels as
time could cause serious damage on the concrete by applying tensile stress and cracking.
However, the mechanism of the gel swelling is still under investigated so far, although several

models were proposed in the past few decades.

1.2.2. Alkali-Carbonate Reaction (ACR)

Alkali-carbonate reaction (ACR) is a combined reaction of deleteriously expansive ASR
of cryptocrystalline quartz, and harmless dedolomitization of dolomitic aggregate. [35] Since
ACR was first recognized and defined in 1957 in many cases of concrete deterioration due to
such expandable gel formations were reported. [36] However, the expansion mechanism of the
product of ACR are not fully understood. Up to now several theories have been proposed to
explain the expansive force underlined this deleterious process. [37-39] The two noticeable

explanations came from Gillott et al. who suggested that the absorption of water by clays of



newly exposed clay containing in reactive carbonate rocks are the main reason of the expansion,
[37] who proposed that the formation and growth of brucite due to dedolomitization was
expandable.

From previous studies, [40] it was suggested that the two reactions such as alkali-
dolomite and alkali-magnesite reaction can cause expansion of concrete and specially prepared
compacts. Microstructural study also showed that the microcracking was due to the formation
and expansion of the reaction products from ACR in a confined space. The mechanisms of the
two reactions and can be listed as follows:

(1) Alkali-dolomite reaction (ADR, i.e., dedolomitization):

Ca,Mg(COs)2 + 2MOH = Mg(OH), + CaCOs3 + M2CO3 Eqg. (1-3)
(2) Alkali-magnesite reaction (AMR):

MgCOz + 2MOH = Mg(OH)2 + M2COs Eq. (1-4)

, Where M represents alkalis such as Na, K or Li that are common in concrete’s pore solution.
Although it is not suggested that all reaction products will attribute to the expansion, it is
reasonable to assume that the acting part is proportion to the amount of reaction products formed.
Therefore, the reaction as a whole will be correlated with the expansion.

Based on the investigation of the product expansion and the alkali-carbonate reaction, it
is suggested that dedolomitization is expandable though it is a solid-volume-reducing process.
[41] Similar to the case of ASR mentioned previously, it is reasonable to understand that the
reaction in the interface between carbonate crystals and the surrounding liquid matrix in reactive

carbonate aggregates will attribute to the expansion of concrete.

1.3. Mineral Dissolution Kinetics



1.3.1. Kinetics and Thermodynamic Relationship of Dissolution Reaction
Minerals with different solubilities may dissolve at different dissolution rates. Solubility
and dissolution rate are thermodynamic and Kinetic properties, respectively. The dissolution rate
of the same mineral may either be transport-limited or surface controlled, depending on the
solvent pH. The rate equation of the mineral dissolution process is proposed by Lasaga et al. [42]
using the equation:
Rate = kA, (t) f (AG) Eqg. (1-5)
, where Rate is the overall dissolution rate of the reaction, k is the rate constant, A is the

surface area that is in contact with the solution during the dissolution process, and AG is the
difference in Gibbs free energy between the material surface and dissolved ions in solution.
From Equation (1-5), there are two parameters which cannot easily be determined: (1) the

quantification of the surface area A, which involved in the reaction, and (2) the dependence of

the dissolution rate on AG, since creating a surface area is associated with the changing Gibbs
free energy. Therefore, there exists another proposed equation which can also describe the
distance of reaction from equilibrium, using the parameter called chemical affinity (A). Chemical
affinity (A) is the energy required to drive the reaction to from reactant to product, and is defined

using Equation (1-6):
A=RT In(%) =—RT In(QY) Eqg. (1-6)

, Where R is gas constant, T stands for temperature, and Q represents the saturation index, which
is equivalent to Q/K, which Q represents the activity quotient and K is the equilibrium constant
for the reaction under a certain environment such as temperature, pressure...etc. In addition, Q is

less than 1 as the solution is undersaturated (i.e., mineral dissolving process), and becomes
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greater than 1 when the solution is supersaturated, which will lead minerals to precipitate.
Accordingly, chemical affinity (A) can be related to AG by adding a negative sign (i.e.,
AG =—-A). AG is the driving force or the energy for the reaction to process. Burch et al. [43] has
fitted experimental data and proposed a model following the mineral dissolution process using
two AG terms, as shown in Equation (1-7):

Rate = —k,[1— exp(—%)”‘l] k,[1—exp(— f)mz]

Eq. (1-7)
, Whereas Lasaga and Luttge et al. [44] modified Equation (1-7), which is able to take into

account more factors:

AG
—v (1— Eqg. (1-8
Rate=v_(1 exp(R_I_))tanh(2 f(plt)) (o) g. (1-8)
(v
L-exp(—> )e X0 2) ]
f(r,) = (- ) Eq. (1-9)
1—exp(—kT)

, Where o is the surface free energy and u(r) is the strain energy at radius r, and v is the molar

volume. The dissolution stepwave model proposed by Lasaga and Luttge et al. in 2001 used
Equation (1-8) to indicate that rate-limiting step of crystal dissolution shifts from the creation of
etching pits to the surface step growth for calcite. These variables are related to mineral itself and

also the solutions.

1.3.2. Temperature Dependence of Reaction Rates
To extrapolate reaction rates, the temperature dependence of the rate constant must be
understood. The Arrhenius equation is generally used to describe the temperature dependence of

the rate constant (k): k = B exp(—Ea/RT). Here, B is referred to as the pre-exponential term, Ea is
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the activation energy, R is the gas constant and T is temperature in degrees Kelvin. The slope of
a plot of In(k) versus 1/T for the dissolution yields the activation energy (Ea). In general,
experimental activation energies for mineral-water reactions range from 10 kcal/mol to larger
than 100 kcal/mol. Arrhenius proposed that the activation energy is the minimum amount of
energy required to initiate a reaction. The magnitude of this activation energy is often interpreted
with respect to the reaction mechanism. For example, activation energies for mineral dissolution
that are as low as 10 kcal/mol have been interpreted to demonstrate reactions that are diffusion
controlled, which its rate-limiting step is by the diffusion of reactants to the mineral or products
away from the mineral. In contrast, activation energies of approximately 50 kcal/mol are
generally represented as surface reaction controlled, which the dissolution process is determined
by the bond-breakage during the atom detaching process.

In a dissolution process, a dissolved atom becomes displaced from the solid phase. The
processes generally comprise multiple reactions or steps between solid and aqueous phase
components. [45] The steps include transport processes (i.e., the displacement of dissolved atoms
to the liquid phase) in addition to chemical reactions (i.e., the rupture of chemical bonds from the
solid surface). The comprehensive dissolution mechanism at the mineral-water interface: (1) a
hydrated ion approaching the solid surface via diffusion, (2) the hydrated ion may form a
complex, (3) detaching the solid surface atoms by desorption, and (4) diffusing away from the
solid—water interface. As outlined above, the macroscopic measurement of overall dissolution
kinetics includes both physical transport steps and chemical reaction. [45] Formulation of rate
laws should reflect the relative importance of transport versus chemical reaction if one or the
other process is rate limiting. For example, dissolution rates of highly soluble and insoluble

minerals tend to be relatively fast and slow, respectively. Dissolution of highly soluble minerals
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therefore have a greater likelihood of becoming transport-limited as compared to low solubility

minerals which are likely to be interface-limited.

1.3.3. Silicate Mineral Dissolution Mechanism

Besides quartz (SiO2), An understanding of the dissolution of silicate minerals is
necessary due to the high content of silicate minerals on the earth crust. The dissolution rate of
feldspar minerals involves three successive steps: [46] (1) exchange of alkali or alkali earth ions
by protons to form hydrogen feldspar, (2) the formation of alkali or alkali earth ions-depleted
layer enriched in Si and/or Al, (3) slow dissolution of the residual layer at the interface. In
addition, the solvent pH and dissolved ions in solutions determine the compositions and the
concentrations of activated surface complexes, which are one of the rate-limiting factors in the
last step.

The alkali depleted layers formed on the mineral surfaces due to their slower
silicon/aluminum release as compared to cations during the dissolution process. After reaching
steady state, as the ion diffusion times for the dissolved cations and Si ions to pass through the
alteration layer are equivalent, the dissolution process becomes stoichiometric for silicate
minerals. [46] Since the dissolution rate is generally determined by measuring the Si content in
solution, the mechanism of breaking Si-O bond is relatively important. Although the dissolution
process accompanies with the precipitation simultaneously, the hydrolysis of bridging oxygens
(i.e., the oxygen connecting two silicon atoms) reduces the network of silicates, from Q4 to Q3
to Q2 and to Q1, so that the silicon atoms are able to release into the solution. [47, 48] The

notation Qj represents the occupied tetrahedral sites surrounding the silicon atom.

12



The dissolution rate of silica is related to the concentration of protons and hydroxyls

within the solutions as expressed by:

r=kyal. +Kko,aj Eq. (1-10)

OH"™
, Where k, and ¢, are rate constants for proton-promoted and hydroxyl-promoted dissolution

respectively, a is the activity of species i in solution, and n and m stand for the partial orders

of the reaction, which varies with the composition of the mineral. The effect of solvent pH can
be interpreted as the sorption of H" on the oxide surface, which polarizes the bonding between
metal atoms and oxygen, [49] thus the bonds connected to it will be weakened. From this point
of view, the relationship between the silicate dissolution rates and the concentration of the

positive and negative charged of the surface complexes (e.g. |= soH; | from proton adsorption
and |=so-| from hydroxyl adsorption) can be calculated using the following equation:

r =k, [= SOH; ]*" +k,, [=SO 1% Eqg. (1-11)
, Where q,, g, are fitting constants, and g, infers as the step numbers of protonation to release
cations from the surface, and vice versa. To simplify, the value of g, is basically representing the
metal oxidation number. From previous studies, the value of g, for albite (NaAlSizOg) and

anorthite (CaAl2Si>Og) are suggested to be closed to 0.3. [50] As we increase the solvent pH to
greater than 7, the enhancement in dissolution rate is due to the increasing density of the de-
connected Al sites created by the hydroxyl adsorption. [50]

In general, the dissolution rates for silicates is lowest at the neutral solvent pH, which has

a zero net surface charge (pH ). Equations (1-10) and (1-11) are widely used to calculate the

dissolution rate, and also they provide a fundamental concept of the dissolution process that

covers both acid and basic regime.
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1.3.4. Carbonate Mineral Dissolution Mechanism

The influence of pH on the rate of dissolution of various carbonates (i.e., calcite,
aragonite, witherite, magnesite and dolomite) has been well studied at room temperature using
various reactors. In general, the carbonate dissolution rate dependence on pH observed for the
simple carbonates is in agreement with the results observed for calcite and aragonite by Plummer
et al. However, the rate of dissolution of magnesite is approximately four orders of magnitude
lower than calcite, and that’s the reason why dolomite (CaMg(CO3)2) has a lower dissolution
rates.

For simple carbonates, Plummer et al. suggested that the following steps occur in parallel

during the dissolution reaction: [51]

MCO; + H* & M?* + HCO3 Eq. (1-12)
MCO5 + HyCO3 & M2* + 2HCO3 Eq. (1-13)
MCO; & M?* + CO%~ Eq. (1-14)

, Where M represents the metal ion which can be Ca or Mg for calcite and dolomite, respectively.

According to the stoichiometry of the three reaction steps and the thermodynamic constraints, the
total forward and backward rates are expressed as:

Rf = kyay+ + kaap,co; + k3 Eqg. (1-15)

Ry = k_qayz+ + k_zapyz+aycoz- + k_zayz+acoz- Eq. (1-16)

, where ki/k.1, ko/k-2, and ks/k-3 are rate constants and a; refers to the activity of the relevant

species. These three reactions occur at the same time and the slowest reaction should therefore be

rate-limiting. Importantly, as noted earlier, even under ambient conditions, calcite dissolution is
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fast and can become transport controlled. At higher temperatures, different mechanisms may

become important or the rate-limiting step may change.

1.4. Molecular Dynamic Simulation
1.4.1. Simulation Method

Realistic MD simulations of irradiation-induced damage in minerals were carried out in
the open-source LAMMPS [52] package, following a well-established methodology. [53] First,
a randomly chosen atom is accelerated with a Kinetic energy equivalent to that of the targeted
incident neutron, 600 eV in the present case. Weighted probabilities based on the neutron cross-
sections of the respective elements (see Table 1-1) are considered when choosing the incident
atom. The accelerated atom then collides with other atoms, thereby resulting in a ballistic
cascade. Subsequently, a spherical region is created around the impacted zone, outside which
atoms are kept at a constant temperature of 300 K by a Berendsen thermostat. [54] In contrast,
the dynamics of the atoms inside the sphere is treated in the NVE ensemble to avoid any
spurious effects of thermostat. A variable timestep is used during the ballistic cascade to avoid
potential numerical errors associated with excessive collisions and overlapping of atoms; a
timestep of 0.5 fs is used otherwise. The dynamics of the cascade is simulated for 15 ps, which
was found to be sufficiently long to ensure the convergence of both temperature and energy.
Finally, after each collision, the system is further relaxed in the NPT ensemble at 300 K and zero
pressure for another 5 ps. This enables the system to adjust its density upon irradiation. This
process is then repeated in an iterative fashion, with different knock-on atoms, until the system

exhibits saturation in both enthalpy and density. Note that the damage produced by such
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sequential irradiation is essentially similar to that of simultaneous particle irradiation, [55] such
that the generality of the results is maintained.

Due to the large region that is affected during each ballistic cascade, large system sizes
are required to avoid potential spurious self-interactions arising from the periodic boundary
conditions. Herein, the system size was determined by repeatedly knocking each atom of the
primitive cell, with the target radiation energy and in random directions. The study was
conducted on all the different species of atoms present in the system. The maximum distances
travelled by each of the impacted atoms were then recorded. Eventually, the size of the system
was chosen to be at least twice as large as the maximum distance among all the recorded ones. It
is worth noting that, to offer realistic results, MD simulations require the use of accurate inter-
atomic potentials. In particular, in the case of irradiation simulations, the inter-atomic potential
must correctly describe both the pristine and disordered structures of the relevant system with a
fixed set of parameters. Although using a single “universal” potential would constitute an ideal
option, such a potential is presently unavailable. Rather, each potential is specifically
parametrized to optimally predict the properties of a family of materials. As such, for each
family of aggregates, we selected the best available potential based on its ability to predict a
realistic density, structure, and elastic tensor, both for the pristine mineral and its glassy
counterpart. For quartz, we used the ReaxFF potential, with parameters taken from Manzano et
al. [56] For other silicate minerals, a Buckingham potential parametrized by Teter was used,
splined with ZBL potential to ensure realistic short-range repulsive interactions during the
ballistic cascades (Table 1-2). [57] The carbonate minerals (calcite and dolomite) were simulated
using the potentials from Raiteri et al., [58] which were parameterized specifically for dolomite

and calcite and which can simulate both the ordered and disordered phases.
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Table 1-1: Neutron cross-sections of the elements found in the considered aggregate minerals.
SI. No. Element Name Neutron cross-section (barn = 1022 m2)

1 Aluminum (Al) 1.35

2 Silicon (Si) 2.00

3 Sodium (Na) 3.15

4 Oxygen (O) 3.83

5 Calcium (Ca) 2.55

6 Magnesium (Mg) 3.91

7 Iron (Fe) 9.97

8 Carbon (C) 5.55

Table 1-2: Teter potential parameters for X—O interactions, where X= Si, Ca, Al, Mg, Na, Fe,

0.
Sl. No. Element Charge A (eV) p A C (eV/ A%

1 Si 2.40 13702.910 0.194 54.681
2 Ca 1.20 7747.183 0.253 93.109
3 Al 1.80 12201.420 0.196 31.997
4 Mg 1.20 7063.491 0.211 19.210
5 Na 0.60 4383.756 0.244 30.700
7 Fe 1.20 19952.000 0.183 4.658

8 O -1.20 2029.220 0.344 192.580

1.4.2. Results
1.4.2.1. Albite (NaAlSi3Os)

Albite is a tectosilicate mineral belonging to the tectosilicate feldspar family, which
consists of Al and Si tetrahedra in the molar ratio of 1:3. Na* act as charge-balancing cations,
leaving all O atoms in the structure as bridging oxygen (BO). The Si—-O-Al and Si—-O-Si bond
angles are distributed in the ratio of 1:1. The evolution of density upon irradiation is plotted in
Figure 1-3(a). During irradiation, albite exhibits a reduction in density from 2.61 g/cm? to 2.44
g/cm®. Further, an investigation of the final irradiated structure of albite reveals a broadening in

the distribution of the Si—O-Si bond angles. In contrast, the coordination numbers of Si and Al
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are not significantly affected by irradiation. Hence, the overall increase of the volume primarily

arises from the expansion of the silicate network, due to irradiation-induced disordering.

1.4.2.2. Anorthite (CaAl,Si>Os)

Anorthite is the calcium-rich end-member of the feldspar family, which like albite is
characterized by a framework silicate network. Since the amount of Al and Si atoms present in
the mineral are equal, anorthite has alternate Al and Si tetrahedra connected by BO atoms to
form a 3-D packed structure. Interestingly, anorthite exhibits a slight increase in density upon
irradiation, as shown in Figure 1-3(b). This increase is not linked to any significant change in the
short-range order (e.g., coordination number or bond length). However, as opposed to the
pristine structure, we note the appearance of Si—O-Si and Al-O-Al bond angles upon irradiation,

which results in a more compact structure.

1.4.2.3. Almandine (FesAl2Siz012)

Almandine is a nesosilicate which consists of isolated SiOs* tetrahedra connected by
cations. Aluminum is present with an octahedral environment, i.e., connected to six O atoms.
During irradiation, almandine exhibits a reduction of density, from 4.2 g/cm?® to 3.4 g/cm?, as
shown in Figure 1-3(c). An analysis of the final structure revealed that all of the Al atoms
underwent a transition from octahedral to tetrahedral coordination environments upon irradiation,
which induces the observed expansion — since the tetrahedral structure features a lower packing

fraction than the octahedral structure.
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Figure 1-3: Evolution of the density of (a) albite, (b) anorthite (c) almandine under irradiation.

1.4.2.4. Calcite (CaCO3)

Calcite belongs to the carbonate family of minerals, with an ionic bond between Ca
atoms and COs groups. As shown in Figure 1-4(a), calcite does not exhibit any notable change in
density. This can be attributed to the non-directional nature of the ionic bonds, which, as such,
can easily reorganize after irradiation. Although the final structure exhibits a slightly disordered
nature as compared to that of the pristine calcite, we observe that the mineral remains largely

unaffected by irradiation.

1.4.2.5. Dolomite (CaMg(CO0:s)2)

Dolomite, which belongs to the carbonate family, has a structure similar to calcite with
alternate Ca atoms being replaced by Mg. The density of pristine dolomite is higher than that of
calcite. Under irradiation we observed that similar to calcite, dolomite does not exhibit any

notable changes in density (from 2.895 g/cm? to 2.863 g/cm?), as shown in Figure 1-4(b).
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Figure 1-4: Evolution of the density of (a) calcite and (b) dolomite under irradiation.

We now assess the effect of irradiation on the atomic topology, which serves as an input
for a model which enables predictions in changes in dissolution rate within the framework of

topological constraint theory (TCT).

1.5. Topological Constraint Theory (TCT)
1.5.1. Calculation Method

TCT reduces complex atomic networks into simple trusses of nodes (atoms) connected by
mechanical constraints (chemical bonds). As such, TCT captures the important atomic topology,
while filtering out less relevant details that ultimately do not affect macroscopic properties. [59]
Specifically, the rigidity of a network is assessed by determining the number of topological
constraints per atom, n.. In atomic networks, the constraints comprise the radial bond-stretching
(BS) and angular bond-bending (BB) chemical atomic bonds, which maintain the bond lengths
and angles fixed around their average values, respectively. As per Maxwell's stability criterion,
[60] atomic networks can then be described as (1) flexible (n, < 3), showing floppy internal

modes of deformation, (2) stressed-rigid (n, > 3), featuring eigenstress due to mutually
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incompatible constraints, or (3) isostatic (n. = 3), being rigid but free of eigenstress. Note that,
here, the value “three” corresponds to the number of degrees of freedom per atom in a three-
dimensional network.

Elucidating the effect of irradiation on the rigidity of the atomic network requires the
enumeration of the number of constraints acting between the atoms. For fully a connected
homogeneous network, the constraints enumeration is straightforward and depends only on the
coordination number (CN, r) of each species. Thus, each atom features r/2 BS constraints, each
constraint being shared by two atoms, and 2r — 3 BB constraints, which corresponds to the
number of independent angles required to define a polyhedron. Therefore, the total number of
constraints per atom n. is given by:

nc:%+2<r>-3 Eq. (1-17)

, Where <r> is the average coordination number of the atoms. In contrast, enumerating
constraints in an irradiated mineral is complicated by the following difficulties: (1) A given
species can feature various coordination numbers due to the formation of defects, [53] resulting
in varying number of constraints for the same species, (2) the angular BB constraints, e.g., Si—O-
Si bonds in quartz, are associated with lower energies than radial BS constraints, and, as such,
can become broken upon irradiation. To tackle these issues, we enumerated the number of
constraints by relying on MD simulations. This method is based on an inverse approach, wherein
the trajectory of an atom is used to deduce the number of underlying constraints constraining its
motion. The basic idea of this method is that an active constraint would maintain bond lengths or
angles fixed around their average values, whereas a broken or missing constraint would allow

large atomic motion. Hence, to obtain the number of BS and BB constraints acting on a given
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atom, we estimate the radial and angular excursions of each of its neighbors, respectively.

1.5.2. Results

The constraints enumeration is first detailed for the case of quartz. The radial excursion
of each neighbor was evaluated by computing the partial pair distribution functions (PDFs) of O
and Si atoms, as well as the contributions of each neighbor 1, 2, ..., 6, where neighbors are
ranked with respect to their distances from the central atom. Note that, here, the choice of the
value 6 is arbitrary, although it must be large enough to ensure that it encompasses all potential
constraints formed around a given atom. The radial excursions of the neighbors are then
estimated from the second moments of these distributions. Such radial excursions, as computed
in quartz, are plotted as a function of neighbor number N in Figure 1-5(a). We observe a clear
shift from low to high radial excursions, which correspond to intact and broken BS constraints,
respectively. As expected, the number of intact BS constraints corresponds here to the
coordination of each species, i.e., 4 and 2 for Si and O, respectively. In a similar fashion, the
angular excursion of each neighbor is evaluated by computing the partial bond angle distribution
of each triplet of atoms (i, 0, j), where 0 denotes the central atom considered, and (i, j) all the 15
possible pairs formed among the 6 nearest neighbors. The angular excursion is then assessed by
calculating the second moments of these distributions. Once again, as shown in Figure 1-5(b), we
observe a clear jump between low and high angular excursions, which represent intact and
broken BB constraints, respectively. Here, we find 1 and 5 intact BB constraints per O and Si,
which fixed the inter- and intra-tetrahedral angles, respectively. Altogether, this method provides

a robust and non-arbitrary enumeration of the number of constraints in quartz.
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Figure 1-5: (a) Radial excursions of each neighboring atom with respect to central Si and O
atoms. Note that intact and broken BS constraints are associated with significantly different
(low and high, respectively) radial excursions. (b) Angular excursions around central Si and O
atoms. Note that, as in the case of BS constraints, the angular excursions associated with intact

and broken BB constraints significantly differ.

This methodology can be used to track the irradiation-induced variation in n., as shown
in Figure 1-6. First, we observe that, upon irradiation, n. decreases towards n,. = 3, which is the
value expected for glassy silica, as the high glass transition temperature induces the breakage of
the Si—-O-Si BB constraints. Second, n is noted to cross the value of three at about 1.2 x 102!
keV/cm?® deposited energy, which effectively separates a stress-rigid from a flexible domain. As
shown in the inset in Figure 1-6, this transition arises primarily from the decrease in the number
of angular BB constraints upon irradiation, which results from the breakage of Si—O-Si bonds, as
well as a small fraction of O-Si—O BB constraints. This suggests that irradiation preferentially
affects these weaker angular constraints, while it has little, if any, effect on the stronger radial
Si—O BS constraints. Note that the trend in the evolution of n, follows a similar trend as that of

the density upon irradiation. Since n. controls the reactivity of minerals, these results suggest
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that fully irradiated quartz features a dissolution rate fairly similar to that of glassy silica.

Similar constraints enumerations were carried out for the other minerals considered
herein. Overall, we observe that, in most cases, the radial BS constraints are unaffected by
irradiation, except in the case of almandine, wherein the coordination number of Al atoms is
reduced from 6 to 4, thereby reducing the number of active BS constraints. In silicate systems,
Si—O-Si bond-bending constraints are found to become consistently broken upon irradiation, as
in the case of quartz. In contrast, in carbonate minerals, all constraints (BS and BB) are found to
remain intact, [11] so that no variations in n, are observed. The calculated change in n. (Anc) for
all considered minerals are shown in Table 1-3. Interestingly, as shown in Figure 1-7, we observe
a linear correlation between An, and the relative variation of density upon irradiation. Note that
the constraints that are broken upon irradiation (Anc) correspond to the “weaker constraints” of
the networks, that is, those associated to a lower energy. This demonstrates that the number of
weak constraints per atom, Anc, can be used as metric to predict the extent of irradiation-induced

swelling.

Table 1-3: Variation of the number of constraints per atom upon irradiation (Anc).
Mineral Weak constraints per atom (An,)
Albite -0.307
Anorthite 0.113
Almandine -0.650
Quartz -0.617
Calcite 0
Dolomite 0
Diopside -0.388
Enstatite -0.272
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Chapter 2 The Effects of Irradiation on Albite’s Chemical Durability

2.1. Introduction and Background

Due to their widespread abundance, concrete — a mixture of cement, sand, stone (i.e., fine
and coarse aggregates, respectively), and water — is often composed using siliceous mineral
aggregates (e.g., granite). But, recent studies have shown that siliceous minerals such as quartz,
upon exposure to radiation in the form of neutrons, may experience deleterious volume
expansions, [6, 7, 11, 61] and reductions in their chemical durability — caused due to alterations,
including disordering of their crystal structures. [6, 11, 62] This latter issue of compromised
chemical durability is problematic as the progressive dissolution of silica from the aggregate into
the concrete’s pore-fluid — an alkali rich environment — has the potential to induce alkali-silica
reaction (ASR) [63, 64] which degrades the mechanical integrity of the concrete. [34, 65] Both
of these issues, i.e., of mineral aggregate expansion, or reductions in a mineral’s chemical
durability are problematic as they have the potential to compromise the mechanical integrity of
concrete, and in turn, the safety and shielding functions of structures that are constructed thereof

in nuclear power plants (NPPs). [6, 7, 11, 61]
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Si tetrahedron Al tetrahedron

Figure 2-1: The crystal structure of albite (NaAISizOsg) showing Si tetrahedra (blue), Al

tetrahedra (green), Na atoms (yellow) and O atoms (red) visualized using VESTA. [66]

Albite (NaAlSizOg; see Figure 2-1), a tectosilicate mineral of the plagioclase feldspar
family is often found in siliceous aggregates (i.e., sand and stone) used to compose concrete
including granite, rhyolite, etc. [67—-69] Therefore, as part of a larger goal to examine the effects
of irradiation on the chemical durability of minerals that compose siliceous aggregates, and
therefore of concrete itself — this work seeks to quantify the extent to which, radiation exposure,
and alterations in atomic structure induced therein, may alter albite’s chemical reactivity (i.e.,
dissolution rate in alkaline, aqueous environments). [70, 71] As such, this work builds on the
previous studies of Hamilton et al. [72] who showed that the dissolution rate of disordered albite
may differ from that of crystalline albite, by up to a factor of 30 times in alkaline solutions. By a
pioneering combination of nanoscale analytics based on vertical scanning interferometry (VSI)
and molecular dynamics (MD) simulations, special focus is paid to reveal: (i) how radiation
exposure may alter the atomic structure of albite, and its network connectivity, and, (ii) how
changes in atomic structure correlate with alterations in mineral dissolution rates (chemical

durability).
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2.2.  Materials and Methods
2.2.1. Sample Preparation

Natural (rock) albite samples were obtained from Ward’s Natural Science Company. [73]
The albite samples were sectioned using a low speed diamond saw (IsoMet™ 1000, Buehler
Inc.). Following sectioning to a sample size on the order of 1 cm x 1 cm x 0.1 cm, the samples
were embedded in a cold-cured inert acrylic resin (EpoxiCure Resin, PN 203430128: Buehler
Inc.). The resin-embedded sample was then progressively mechanically polished using 600, 800
and 1200 grit SiC abrasives and diamond abrasion pastes (from 6 pum down to ¥ pum), and fixed
on a THOR-LABS®© kinematic mount to facilitate handling during the dissolution studies. After
the final polishing step, the surface roughness of the pristine albite sample was assessed (using
VSI, e.g., see Figure A for representative images) by the parameter, S,, i.e., a measure of the

absolute distances of the profile heights from a given central area which is written as, S, =
% If . 1Z(x,y)|dxdy, where, A is the actual surface area, and X,y are the corresponding lateral

coordinates. Based on such analysis Sap = 70 nm for the pristine sample for a field of view (FoV)
of 1.3 um x 1.3 um on the mineral surface.

Ar" implantation of planar, polished albite samples was carried out at the Michigan ITon
Beam Laboratory (MIBL). [74] Ion-beam irradiations were performed at room temperature using
an implantation energy of 400 keV with Ar*-ions to a total fluence (dose) of 1.0 x 10'* ions/cm?.
Based on these implantation characteristics, the disordered mineral zone is estimated to be on the
order of 600 nm deep, based on knowledge of albite’s density, and calculations carried out using
the Stopping and Range of Ions in Matter (SRIM) (see Figure 2-2). [75] SRIM is a widely used

Monte Carlo simulation code that is often applied to predict the transport of ions in matter. [75]
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It can also be used to calculate the magnitude of radiation damage (in terms of displacements per
atom, dpa) that is caused by ion implantation to a material. Specifically, using as inputs the
energy of the incident Ar* ions (400 keV), and the density (=2.61 g/cm?®) and the composition of
the target material (albite, NaAISizOsg), SRIM can be used to calculate the concentration of
incident ions as a function of depth. As compared to the penetration depth of Ar* ions in quartz
under similar irradiation conditions, as determined using SRIM, [11] if the albite samples were
assumed to be perfect single crystals (i.e., similar to single crystal quartz), the end-of-range of
the implanted Ar*-ions in albite is observed to exist 100 nm deeper than in quartz (i.e., the depth
corresponding to the implanted depth is observed at 500 nm and 600 nm for quartz and albite,
respectively). In a defected, impure albite sample as used in this study, the depth of the ion-
implanted layer should be larger than 600 nm.

It should be noted that Ar* ion irradiation was selected rather than neutron irradiation
because the former features more precise temperature and dose controls, and since both ion- and
neutron-irradiation result in a similar end-state, i.e., in terms of their effects on altering a
mineral’s crystal structure. [12, 76] While the implanted samples were mounted on the resin as
mentioned above, mechanical polishing of their surfaces after irradiation was not carried out so
as to maintain the integrity of the disordered near-surface layer that forms following Ar"
irradiation. The surface roughness of the implanted samples (Sa,i, nm) is found to be around 100
nm after irradiation within a FoV of 1.3 um x 1.3 um, similar to the case of pristine albite above.
As such, it can be concluded that the surface roughness values of the pristine and irradiated

samples are nominally similar.
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Figure 2-2: The implanted concentration of Ar*-ions as the function of depth from the albite
surface. The unit on the Y-axis ((atoms/cm?)/(atoms/cm?)) when multiplied by the
implantation fluence (10 ions/cm?) reveals the concentration of implanted Ar*-ions
(atoms/cm?3) as a function of depth. This calculation assumes that the albite sample is a perfect

(defect-free, stoichiometric) single crystal.

2.2.2. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)

SEM imaging was carried out on albite particulates with an average diameter of around
20 um as measured using static light scattering (SLS), see Figure 2-3(a). The particulates were
gold-coated to a thickness of around 6-to-7 nm and then examined using secondary and
backscattered electrons using a FEI Nova NanoSEM 230 (7 kV, 80 pA). The elemental
composition (as simple oxides) of the sample as measured using SEM-EDS is given in Figure 2-
3(b). On account of its natural origin, traces of Fe2Oz and K20 (< 3.0 mass %) were detected in
the albite, which may suggest the presence of muscovite impurities.?? The field-of-view (FoV)
selected was larger than 10000 pm?, and the measurements were repeated at least 3 times, with >

10 sampling points in each measurement.
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Simple Albite Pure albite

oxide sample
mass % mass %
SiO2 73.6+£0.9 68.7
Al203 14.7£0.6 19.4
Na2O 8.8+0.5 11.8
Fe203 19+£10 -
K20 1.0+0.2 -
(@) (b)

Figure 2-3: (a) Representative SEM images of the albite particulates, and, (b) The (average)

simple oxide composition of the albite samples as measured using SEM-EDS.

2.2.3. X-ray Diffraction (XRD)

The natural albite samples were finely powdered using an agate mortar and pestle — to
ensure that 100 mass % passed through a 53 pm (No. 270) sieve — and then analyzed using
powder X-ray diffraction (XRD). XRD patterns were recorded using a Bruker D8-Advance
powder X-ray diffractometer in 0-0 Bragg-Brentano geometry, using Cu-K, radiation (A =
1.5406 A) at an accelerating voltage of 40 kV, and a beam intensity of 40 mA. A 20 range of 10°
to 70°, a 20 scan step size of 0.02°, and an exposure time of 0.5 seconds per step were used. The
powdered samples were mounted on a rotating sample holder to acquire statistically averaged
data, and the sample’s surfaces were textured to minimize preferred orientation errors. The XRD
pattern of the sample is qualitatively similar to that of albite reported in the literature [77] and by

the International Centre for Diffraction Data (ICDD Code: 01-075-1142, [78] see Figure 2-4).
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Figure 2-4: The X-ray diffraction patterns of the powdered albite sample shown alongside the

ICDD reference for comparison.

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to examine surface chemical
bonds, and structural ordering in pristine and irradiated albite. Both pristine and implanted
samples were analyzed using an attenuated total reflectance FTIR (ATR-FTIR; PerkinElmer
Spectrum Two) at room temperature. Finely milled powders of pristine and irradiated albite (100
mass % passing a 53 pm sieve opening) were placed onto the sample holder that was provisioned
with a pressure applicator (the applied pressure is on the order of 70 N), and a diamond/ZnSe
composite crystal at an incidence angle of 90°. Prior to the measurements, a background
measurement of the empty sample holder was collected. The powder sample was placed on the
surface of ATR crystal and pressed by a lever to ensure tight and constant contact over the
course of the measurement. Each spectrum acquired was the average of 4 scans in the range of
4000-450 cm* with a spectral resolution of 1 cm™. The influence of H,O was subtracted

automatically. Specific peak assignments were carried out within Spectrum v6.0 (PerkinElmer,
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Waltham, MA) based on previous studies of silicate and aluminosilicate minerals and their

specific vibrational modes. [79-81]

2.2.5. Measuring albite dissolution rates using vertical scanning interferometry (VSI)

The dissolution rates of albite were measured at 25 + 3 °C, 45 £ 1 °C and 65 + 2°C in
NaOH solutions having concentrations of: 0.1 mM NaOH (pH 10), 10 mM NaOH (pH 12) and
100 mM NaOH (pH 13). The pH levels were selected to simulate conditions prevalent in
ordinary portland cement (OPC) concrete which hosts a mature-state pH > 12.5. [6, 61] This high
pH in OPC environments originates from the presence of alkali ions such as potassium and
sodium, which typically exist in an abundance that is up to one order of magnitude higher than
calcium ions (e.g., on the order of 2-to-20 mM in mature systems). [82] Since the objective
herein is to isolate the effect of pH on dissolution in OPC-like environments, adjusting the pH
using NaOH is an appropriate selection. The NaOH pellets used were of ACS reagent grade,
which were subsequently dissolved into Milli-Q deionized water (18 MQ cm). The pH of the
solutions was measured using a ThermoFisher Scientific Orion Versa Star Pro pH Benchtop
Multiparameter Meter calibrated over the range 7 < pH < 14 at the relevant measurement
temperature.

To relate atomic-scale alterations and disordering resulting from irradiation to albite’s
chemical durability, the dissolution rates of pristine and ion-implanted albite samples were
measured using vertical scanning interferometry (VSI). VSI offers the ability to acquire 3D-
visualizations of reacting surface topographies with nanoscale vertical resolution (=1-2 nm) over
sample areas on the order of 10s of mm?. Herein, a 50x Mirau objective was used (N.A. = 0.55)

in the imaging, resulting in a lateral resolution of 163 nm wherein a single image field
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encompasses a field of view (FoV) of 170 um x 170 um. For a stitched image grid consisting of
A x B (where A =10, and B = 3) images, the cumulative, lateral field of view (FoV) is on the
order of 1236 um x 441 um, e.g., see Figure A. Importantly, by directly tracking the surface
retreat (i.e., change in height vis-a-vis an unchanging reference) following immersion in a
solution as a function of time, VSI can be used to precisely measure the dissolution rate of a
solid. [70, 71] This technique has significant advantages over other methods that are based on the
analysis of solution compositions. For example, dissolution rates obtained from VSI do not
require normalization to the surface area of the reacting solid. Furthermore, VSI measures the
surface retreat rates, which can be directly related to molar dissolution through the molar volume,
while being indifferent to the fate of dissolved species, and the stoichiometry therein (e.g., due to
potential incongruency in dissolution, etc.).

The imaging was carried out such that a “reference area” on the albite surface was
covered with an inert silicone mask (Silicone Solutions SS-38). [83] As a result, the masked area
remains unaffected upon contact with the solution, while the unmasked area dissolves — thereby
showing a reduction (retreat) in height. Dissolution rates were quantified using a procedure
wherein a plane, polished albite sample was submerged in a static solution over a period of time
— resulting in a liquid-to-solid ratio (I/s, mass basis) of around 500. In other words, the solvent
(50 ml) contacted a surface with a nominal area of 10 mm x 5 mm resulting in a surface (solid)-
to-volume (liquid) ratio of 0.001 mm™ (S/V). Due to the very slow dissolution rate of albite (i.e.,
estimated to be on the order of 10 pmol/m?/s at pH 12), [84] and the high-dilution level, the pH
and composition of the solution (i.e., the undersaturation level), [85] and in turn, albite’s
dissolution rate is not greatly affected by ongoing dissolution (see discussion below). Before

contact with the solution (‘time-zero’ image), and after pre-defined solution contact times, the
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albite’s surface was imaged using VSI. Special care was taken to: (i) evacuate any residual
solution from the albite surface by exposure to a stream of compressed N2 prior to imaging, and,
(if) minimize contact of the immersion solution with CO- in air which could alter its pH due to
carbonation.

The VSI images thus acquired after nulling the surfaces were analyzed in Gwyddion
(version 2.47) [86] to assess the change in height of the dissolving surface, with respect to the
unchanging reference as a function of the time. The change in height as a function of time (Ah/At,
nm/h) when normalized by the molar volume of albite yields its molar dissolution rate.
Dissolution rates determined in this manner are expected to have a maximum uncertainty of up
to 10%, due to the various sources of uncertainty and variability inherent in the VSI
measurements, e.g., low-frequency vibrations that may not be fully damped by the vibration
isolation system, or the effects of temperature variations in the environment.

Intermittently over the course of the VSI measurements, selected immersion solutions
were analyzed in terms of their elemental compositions using inductively coupled plasma optical
emission spectrometry (ICP-OES; Perkin Elmer Avio 200) for species including: Na, Si, and Al.
lon speciations in solutions with the measured compositions were subsequently calculated in
PHREEQC® [87] to determine the degree of undersaturation of the solution with respect to
albite (i.e., quantified in terms of the change in the Gibbs free energy that results with increasing
dissolution, over time, AGqd = RTIN[IAP/Ksp] in kJ/mol, where R is the gas constant, T is
temperature in K, 1AP is the ion-activity product, given by I1AP = ([Na*][AP*][H4Si04]%)/[H*]*,
and Ksp is the solubility product of albite at the relevant temperature and atmospheric pressure).

[33] This equation was used to calculate AGq and confirm that the dissolution rates represented
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“far-from-equilibrium” conditions and that they were thus unaffected by the presence of ions in

solution that are released from the progressive dissolution of albite. [88-91]

2.3.  Results and Discussion
2.3.1. Albite dissolution rates

The dissolution rates of pristine and irradiated albite were acquired at far-from-
equilibrium conditions. This was ascertained by quantifying AGq of the solution by using the
measured concentrations of albite’s solubilized species to calculate its saturation level in solution
(i.e., IAP/Ksp). It was thus determined that AGq < -60 kJ/mol across the majority of dissolution
scenarios selected; with only one dissolution scenario featuring a slightly lower absolute value of
AGq (-52 kJ/mol at 25°C and pH 10; see Figure 2-5(a)). The dissolution of albite is characterized
by three regimes, based on the dependence of rates with AGq: [88, 89, 91] far-from-equilibrium
(AGyq < -60 kJ/mol), in which dissolution rates are independent of AGyg; transition equilibrium (-
60 < AGd < -25 kJ/mol), in which the dissolution rate changes sharply with AGgq, and near-
equilibrium conditions (-25 < AGq < 0 kJ/mol), in which the rate varies less severely with AGq as
solution saturation is approached towards the asymptotic limit. Simply, since AGyq is an indicator
of the proximity (or lack thereof) to equilibrium, analysis of AGq helps confirm that the
dissolution of albite is indeed independent of the saturation state of the solution. As such, albite
dissolves at a near-constant rate. It has been suggested that at far-from-equilibrium conditions,
albite achieves steady-state dissolution rates in a time interval of > 1 day. [90] Therefore, herein,
albite dissolution was sampled at intervals of exactly 2 days to ensure that steady-state rates were

obtained.
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Figure 2-5: (a) The dissolution rates of pristine albite at pH 10 and 12, and at different
temperatures assessed using VSI as the function of AGq, kJ/mol, calculated from the
composition measured by ICP-OES of the solution after 10 days of reaction. (b) The far-from-
equilibrium dissolution rates of pristine albite assessed using VSI at different temperatures and
solution pH levels. In both (a, b), the dissolution rates, and undersaturation levels were
assessed following 12 days of solution contact ensuring that dissolution rates sampled at
shorter contact times were at “far-from-equilibrium”. (c) A representative comparison of
dissolution rates of pristine and irradiated albite assessed using VSI as a function of time at T
=25+ 3°C and pH = 13. The dissolution rate of irradiated albite is around 15x higher than that

of pristine albite (shown by the bidirectional arrow).

The dissolution rates of albite increase with pH and temperature (Figure 2-5(b)), as also
noted elsewhere. [84] Importantly, across the range of temperatures considered, the trends of
(log10) dissolution rate as a function of pH can be fitted by an equation of the form: y = mx + c;
wherein m = 0.3. Blum and Lasaga et al. [92] reported that albite’s dissolution rates are
proportional to the surface concentration of OH" sites; and the number density of OH" sites

depends on the pH of the solution. Since the density of negative sites on albite’s surface is noted
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to correlate with the solution pH with a slope of 0.3 (m = 0.3), in turn, it is expected that albite’s
dissolution rate should show a similar scaling with the solution pH as shown in Figure 2-5(b). It
should be noted, however, that albite’s dissolution rate achieves a dissolution rate minimum
around pH = 7, i.e., in proximity of its isoelectric point (IEP). [84] Therefore, dissolution rates
show a symmetric m = 0.3 scaling on either side of the IEP, as the pH reduces, or increases. [84]
Figure 2-5(c) shows the dissolution rates of pristine and irradiated albite as a function of
time at 25 + 3°C and pH = 13. It is noted that the dissolution rate of irradiated albite is
systematically higher than that of its pristine counterpart. Moreover, fitting of the dissolution
trends by an equation of the form D, = Aexp(Bx), where Dy is the dissolution rate and A and B
are fitting constants, shows that the dissolution rate of irradiated albite is around 15 times higher
than that of its pristine variant. Thus, a constant y-offset would superimpose the two dissolution
trend-lines. Indeed, this result, i.e., where the dissolution rates of irradiated albite are around 15-
to-25 times higher than that of pristine albite is consistent across all solution pH’s, and reaction
temperatures considered (see also Figure B). This observation of elevated dissolution rates for
irradiated albite, compared to pristine albite is comparable with the results of Hamilton et al.[72]
who showed that dissolution rate of a ‘glass’ compositionally equivalent to crystalline albite, is
consistently higher than that of crystalline albite under alkaline solutions. Such ‘albite glass’ has
similar short-range order (SRO) and a more disordered structure at longer range as compared to
crystalline albite, thereby being more similar to irradiated albite. [52, 57, 93, 94] Specifically, it
is suggested that within the irradiated region, the damage to the atomic structure of albite (e.g.,
since Al-O-Si and Si-O-Si bonds are destabilized), eases the detachment of Al and Si atoms from
the solid — resulting in a higher dissolution rate for irradiated albite vis-a-vis pristine albite.

Furthermore, it should be noted that, even following dissolution of the surficial “600 nm”
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damage zone which is expected to be consumed after 48 hours of dissolution for the data shown
in Figure 2-5(c), the dissolution rate of the implanted sample still exceeds that of pristine albite.
This suggests that the influence of Ar* bombardment on albite extends deeper into the structure
than initially estimated, e.g., perhaps due to the persistence of misfit strains caused due to the

volumetric expansion of the surface-layers vis-a-vis the bulk sample.

2.3.2. Assessing structural alterations following irradiation using FTIR spectra

FTIR spectra of silicate minerals usually show peaks in two regions: (1) > 2500 cm-1,
which corresponds to the vibrations induced by hydroxyl groups, and (2) < 1300 cm-1, which
features vibrations of the silicate network. Our analysis focuses on this latter wavenumber region.
[79-81]To carefully analyze the data, the FTIR spectrum was separated and magnified into two
groups: a low wavenumber region (450-to-800 cm™) and high wavenumber region (800-to-1200
cm), as shown in Figure 2-6. It has been previously noted that these two spectral ranges exhibit
peaks that are closely correlated with the structural features of albite’s network and its degree of
disorder. [93] For clarity, vibration modes corresponding to each peak are listed in Table 2-1.
[94-97]

Previously, [79, 80, 93]it has been shown that the change in the degree of structural
ordering in silicate minerals can be established based on the increase in intensity, number and
sharpness, and also based on the shifts in band frequencies of the peaks. The two most obvious
peaks in silicate minerals are those centered at 450 cm™ and 780 cm™, [94]which represent the
rocking motion of the Si-O-Si bridging oxygen (BO) in siloxane bonds and the bending of Si-O-
Si bonds, respectively. In aluminosilicates, the peak centered at 650 cm™ [79-81] represents

tetrahedral ring vibrations. The presence of Na atoms in the network enables charge-
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compensation of 4-fold coordinated [AIO4]° units or the depolymerization of the network
through the formation of non-bridging oxygen (NBO) atoms. In turn, these structural features
affect the vibration modes of the rest of the aluminosilicate network. [79-81] In particular, the
peak centered at 540 cm* [79-81] represents the coupling of the bending of O-Si-O bonds within

[SiO4]* tetrahedra and Na-O bonds.

Table 2-1: The relevant FTIR peak positions and the assignment of their corresponding
vibration modes for aluminosilicates, and specifically pristine and irradiated albite.

Pristine albite Irrad|_ated
albite
Reference . . 00
Vibration mode Peaks (cm™) Peaks (cm™)

peaks (cm™)

Si-O-Si rocking (vibration of the bridging
450 oxygen in the direction normal to the initial 463 461 2
Si-O-Si plane) [94]

Coupling of the bending of O-Si-O bonds

540 within silicate tetrahedra and Na-O 531 523 8
stretching [80, 93]
650 Tetrahedral ring vibration [93] 648 645 3

Si-O-Si bending (vibration of the bridging
oxygen in the direction perpendicular to Si-

780 Si axis within the initial Si-O-Si plane) [94, 761 759 2
95]
900-1200 Bridging-stretching modes of SiO4 1096 1044 59

tetrahedra [94-96]
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Figure 2-6: Representative FTIR spectra of the albite samples in the: (a) lower wavenumbers

region, and, (b) higher wavenumbers region.

Upon irradiation, the peaks present in the low wavenumber region (450-800 nm™) are
systematically shifted toward (yet) lower wavenumbers, indicating a decrease in the degree of
structural ordering. [93] The same trend is observed in the case of peaks in the higher

wavenumber region that correspond to Si-BO and Si-NBO bond stretching modes. The extent of

(incremental) peak shift can be calculated as: adw=w -,

 istine = Wradiated ocDQZ, where, AQ is the
difference in the degree of structural ordering between the irradiated and pristine (reference)
samples, [79] and wpristine and wirradiated represent the wavenumbers of a given vibrational mode in
pristine and irradiated albite, respectively (see Table 2-1). Since the peak shift is related to the
degree of disordering within the aluminosilicate network, in general, the larger the peak shift or
reduction in peak intensity, the larger the extent of disorder in the structure. These trends are

explained in further details in conjunction with the results of molecular dynamics (MD)

simulations below.
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2.3.3. Using MD simulations and topological constraint theory to assess structural alterations
following irradiation and their implications on chemical durability

Since MD simulations provide direct access to the trajectory of atoms, these results can
be used to complement the FTIR data and assess, in detail, the effects of irradiation on the
atomic structure of albite. First, Figure 2-7(a) shows the evolution of albite’s density with
increasing irradiation. Following irradiation, albite exhibits a progressive decrease in its density,
from 2.61 g/cm® to 2.44 g/cm?®, which indicates a decrease in the compactness of its atomic
network; as also suggested by the data of Dennisov et al. [98] However, this decrease is smaller
compared to that seen in quartz, whose density decreases from 2.65 g/cm?® to 2.27 g/cm® upon
irradiation. This is consistent with the fact that alkali aluminosilicate glasses typically feature
higher densities than their alkali-free counterparts. [54] This arises from the fact that, although
vitrification- or irradiation-induced disordering results in the formation of large, poorly packed
silicate rings, alkali atoms tend to fill the voids that persist within these rings, thereby somewhat
enhancing the atomic packing efficiency. [99] It should be noted that because the depth of the
implantation zone is very small (around 600 nm, see Figure 2-2) in comparison with the
thickness of the sample, which is on the order of 1 mm, it is challenging to directly measure the
associated change in density of the irradiated layer using traditional density measurement
techniques (e.g., X-ray diffraction, or He pycnometry).

The disordering of the atomic network resulting from the exposure to radiation can be
assessed from the pair distribution function (PDF, g(r), i.e., the probability of finding an atom as
the function of the distance from a central atom, normalized by the average atomic density).
Figure 2-7(b) shows the PDF’s of pristine and irradiated albite. First, it is noted that these two

systems exhibit similar short-range order (SRO, < 3 A), which shows that the bond lengths and
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coordination numbers of each atomic species remains fairly unaffected by irradiation. In contrast,
their medium-range order (MRO, > 3 A) differs significantly, namely, the peaks observed at
larger distances in the PDF of pristine albite disappear upon irradiation, as often observed upon
vitrification. [100, 101] This shows that the progressive accumulation of irradiation-induced
defects (damage) results in the loss of the long-range periodicity of the structure of (pristine)

crystalline albite.
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Figure 2-7: (a) The evolution of the density of albite with increasing irradiation that is
described herein by the deposited energy. (b) The pair distribution functions (g(r)) of pristine
and irradiated albite. (c) The bond angle distributions (BADSs) of the Si-O-Si inter-tetrahedral

angle for pristine and irradiated albite.

Furthermore, it is observed that the disordering of albite’s structure is reflected in two
main structural features: (1) a distortion of Si-O-Si angles, and, (2) the formation of NBO atoms.
First, as shown in Figure 2-7(c), the Si-O-Si inter-tetrahedral bond angle distribution (BAD)
becomes broader and shifts toward lower angular values. These trends are also observed in

irradiated quartz. [102] Such broadening of the Si-O-Si angle is also associated with a shift
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toward lower wavenumbers of the peak associated with the Si-O-Si bending mode in the FTIR
spectrum (see Figure 2-6 and Table 2-1). This shows that the energy (and bending frequency) of
the Si-O-Si bond angle decreases upon irradiation. Second, although pristine albite only features
BO atoms (wherein Na atoms compensate the charge of AlO4 units), irradiation results in the
formation of NBO atoms (i.e., Si-O-Na bonds), which eventually represent around 6 % of all O
atoms. The formation of NBO atoms results in a decrease in the degree of polymerization of
albite’s network. This induces a shift of the higher wavenumber (800-1200 cm™) peaks of the
FTIR spectrum, which are associated with stretching modes of Si-BO and Si-NBO bonds. It
should be noted, however, that besides the formation of NBO species (Si-O-Na bonds),
irradiation also results in the formation of other defects, for example: around 12% and 0.3% of
Al atoms display 3- and 5-fold coordination, respectively, and 4% of O atoms are 3-fold
coordinated, i.e., forming tricluster units.

To elucidate the linkages between the effects of irradiation on the structure of albite and
its chemical durability, topological constraint theory (TCT) is used. [103, 104]TCT reduces
complex atomic networks into simple trusses of nodes (atoms) connected by mechanical
constraints (chemical bonds). As such, TCT captures the significant features of the atomic
topology while filtering out less relevant details that do not significantly affect macroscopic
behavior. [59] In TCT, the rigidity of an atomic network is assessed by determining the number
of topological constraints per atom, nc. In atomic networks, the constraints comprise the radial
bond-stretching (BS) and angular bond-bending (BB) variants, which maintain the bond lengths
and bond angles fixed around their average values, respectively. As per Maxwell's stability
criterion, [60] atomic networks can be described as being: (1) flexible (n.<3), showing floppy

internal modes of deformation, [105] (2) stressed-rigid (nc>3), featuring eigenstress due to
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mutually incompatible constraints, [106, 107] or, (3) isostatic (nc:=3), being rigid but free of
eigenstress. In the latter case, the value “three” corresponds to the number of degrees of freedom
per atom in a 3D-network. By capturing the atomic topology within a simple metric (n¢), recently,

TCT has been shown to offer a consistent framework which links dissolution rates, to the number

of atomic constraints as follows: [108] p =D0exp(L»EO) , Where, Dy is the dissolution rate, Do
r r RT

is a rate constant that depends on the chemistry of the solution, and Eo is the energy required to
rupture a single atomic constraint.

Expectedly then, the dissolution rate decreases as nc increases, which is in agreement
with the idea that solids featuring low-energy internal modes of deformation (floppy modes)
would be more unstable and dissolve faster than more rigid systems. To understand the role of
irradiation-induced structural disordering on amplifications in albite’s dissolution rate, the
number of BS and BB constraints present in the networks of pristine and irradiated albite were
compared. First, a slight decrease in the number of radial BS constraints is noted in irradiated
albite. This is a direct consequence of the depolymerization of the network resulting from the
formation of NBO atoms. Second, a more pronounced decrease in the number of angular BB
constraints is observed. This arises from the breakage of the Si-O-Si BB constraints upon
irradiation. Namely, in pristine albite, the Si-O-Si bond angle distribution is sharp, which denotes
the existence of an underlying BB constraint that maintains bond angles fixed around their
average value. In contrast, as shown in Figure 2-7(c) and as supported by the FTIR spectrum
(Figure 2-6), this distribution significantly broadens upon irradiation, which indicates the
breakage of the underlying constraint. Such breakage of the Si-O-Si inter-tetrahedral BB

constraints has also been observed in irradiated quartz [102] and glassy silica. [109]
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Altogether, irradiation results in a decrease in the number of constraints per atom in albite
by 0.307 units (i.e., Anc = 0.307, wherein n¢ equals 3.077 and 2.770 in pristine and irradiated
albite respectively). Given topological controls on mineral dissolution rates, the change in the
dissolution rate of irradiated albite vis-a-vis pristine albite can be estimated as:

D" _ exp (—DnCE0

: ), Where, D" and D" are the dissolution rates of irradiated and pristine albite,
Dfru[ RT

respectively, and the preexponential term, Dy, is assumed to only be a function of the solution
chemistry hence independent of the structure of the dissolving solid. Therefore, the
preexponential term is eliminated when considering the ratio of the dissolution rates of pristine
and irradiated albite under the same conditions of pH and temperature. Based on previous
estimates of Eo, quantified as being on the order of 25 £ 5 kJ/mol for a range of silicates,
independent of the solution pH or measurement temperature, [108, 110] the topological
framework predicts that the dissolution rate of irradiated (disordered) albite should be around 20

times higher than that of pristine albite (i.e., D" /D™ = 20, as calculated from the equation

above and based on the Anc value calculated herein), a finding which is in excellent agreement
with the ratios of the experimental dissolution rates of irradiated and pristine albite samples (see
Table 2-2). It should be noted that the applicability of the present dissolution expression is
justified a posteriori by the fact that the obtained dissolution enhancement ratios (DERSs) indeed
remain fairly constant (i.e., in the range of 15-to-20) over a broad range of pH and temperatures
as considered herein. Furthermore, it should be noted that, as described in Pignatelli et al., [108]
Eo corresponds to the energy that is required to rupture a unit atomic constraint, i.e., to initiate
the dissolution. Indeed, as noted in Ref [110] and [111] (and Figure 2-5 therein), it is evident that

the value of Eo, on the order of 20 kJ/mole, does not depend on the solution pH (for pH > 2). It
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should also be clarified that the surface roughness (Sa) increase of a factor of 1.4 in the irradiated
sample is not sufficient to explain the increase in dissolution rate of the irradiated samples vis-a-
vis the pristine samples by a factor of 20. This is significant as taken together, these outcomes
provide for the first time, a rational means to link irradiation (or pressure-, and temperature-)

induced structural (atomic) alterations to changes in the chemical durability of minerals.

Table 2-2: The dissolution enhancement ratio, DER=D!" /| D", as calculated from the

measured dissolution rates (i.e., the decrease in chemical durability) of irradiated albite vis-a-
vis pristine albite across a range of solution pH’s and reaction temperatures. The topological
framework for mineral dissolution kinetics predicts that D" / D™ = 20, which is in excellent

agreement with experimental data.

DER=D" | D™ pH 10 pH 12 pH 13 Average
25°C 22.45+ 17.62 19.77 £ 5.60 14.49 + 2.73 16.77 + 3.52
45°C 14.15+7.99 13.98 + 8.37 15.79 £ 9.87
Eo (kJ/mole) pH 10 pH 12 pH 13 Average
25°C 25.14 24.11 21.60 23.38+1.23
45°C 22.87 22.77 23.82

2.4, Conclusion

The outcomes of this study clarify that radiation (and heavy ion) exposure irreversibly
alters albite’s atomic structure, and in turn its physical (reduction of density, volume expansion
etc.) and chemical properties (dissolution rate, or chemical reactivity). Albite’s chemical
durability (i.e., dissolution rate) is shown to be strongly correlated to the number of constraints
per atom (nc), quantified via topological constraint theory (TCT). Significantly, it is observed
that the disordering of albite’s crystal structure following irradiation is reflected in two main
structural features including: (1) a distortion of Si-O-Si angles, and, (2) the formation of NBO
atoms. First, the distortion of Si-O-Si angles is confirmed by a broadening of the Si-O-Si inter-

tetrahedral bond angle distribution and the FTIR peak shifts toward lower angular values. This
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indicates that the energy (“bond strength”) of the Si-O-Si bond angle decreases following
irradiation. Second, the formation of NBO atoms results in a decrease in the degree of
polymerization of the silicate network, as also indicated by the FTIR spectra. Taken together,
these factors result in a decrease in the number of constraints (nc) of irradiated albite via-a-vis
pristine albite. This reduction in the number of constraints when considered within the
framework of topological controls on mineral dissolution Kinetics predicts that, in general,
irradiated albite would dissolve around 20 times faster than pristine albite, in excellent agreement
with dissolution rates measured using vertical scanning interferometry (VSI). This enhancement
of albite’s dissolution rate (i.e., reduction in its chemical durability) following radiation exposure
indicates a response similar to quartz, and one that is likely shared by numerous other silicate-
and aluminosilicate-minerals. This suggests a need to improve our understanding of the role of
irradiation exposure on mineral dissolution Kinetics and progressive changes therein on alkali-
silica reaction (ASR), and its evolution, and the consequent impacts on concrete durability in

irradiated (nuclear power plant) environments.
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Chapter 3 Role of Electrochemical Surface Potential and Irradiation on

Garnet-type Almandine’s Dissolution Kinetics

3.1. Introduction and Background

Almandine (FesAl2(SiOs)3) — a nesosilicate mineral and an end-member of the garnet
family (X3Y2(SiOa4)3), consists of isolated silicate tetrahedra connected by cations of mixed
valence (X = Fe?*, Y = APPY). It is found in abundance in metamorphic [112, 113] and igneous
rocks. [114] For this reason, garnet-containing sands find extensive use in engineering
applications, [115-119]e.g., in the form of siliceous mineral aggregates (sand and stone) in
concrete — a mixture composed of cement, aggregates and water, [115] in water filtration [116]
and as abrasives in waterjet cutting. [117, 118] Since the durability of composites such as
concrete depends on the durability of its constituents, there is a need to understand how the
chemical environment (e.g., solution pH), and external stimuli (e.g., radiation), which may
induce changes in its structure, may affect its properties. This is of special relevance in facilities
such as nuclear power plants (NPPs) wherein environmental variables — e.g., exposure to
irradiation and the alkaline environment — could compromise concrete’s chemical durability.[6, 7,
61, 120]

Almandine is composed of mixed-valence cations (Fe?* and AI**) and isolated silicate
tetrahedra and aluminate octahedra, wherein no O atoms are shared between two Si atoms or two
Al atoms (see Figure 3-1). Due to the isolated (non-percolating) nature of the silicate tetrahedra,
almandine is substantially less polymerized than framework silicates such as quartz and albite.
[121]As a result, during dissolution, isolated silicate tetrahedra and aluminate octahedra in
nesosilicates are released intact from reacting surfaces following protonation (or hydrolysis) of

bonds between Fe?* and structural oxygens. [122] This is unlike the case of tectosilicates (i.e.,
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which feature percolated silicate tetrahedra in which all O atoms are shared between Si atoms)
such as quartz and feldspar wherein bond hydrolysis needs to occur in the silicate tetrahedra to
release aqueous silicon species. In addition, almandine’s dissolution is also induced by ion-
exchange or hydrolysis in acidic or caustic media, respectively, processes which control its

dissolution behavior as a function of the pH, as typical of complex silicates. [123]

Figure 3-1: The crystal structure of pristine almandine (FezAl2(SiO4)3) showing isolated Si
tetrahedra (dark blue), Al octahedra (light blue), Fe atoms (yellow) and O atoms (red) as

visualized using VESTA. [66]

The rate of release of aqueous Si is typically regarded as reflecting a mineral’s
dissolution rate. [124] Several studies have shown similarities between the mechanisms of
nesosilicate’s dissolution, wherein hydrated cations leave a dissolving mineral surface, and
ligand exchange reactions, in which a hydrated cation complex exchanges with protons or
hydroxyls in water. [122] In almandine, Fe?* cations detach earliest producing an appropriate
charge on almandine’s surface due to the remaining Si and Al sites. As such, the observed rates

of dissolution reflect the combined effects of cation release and pH-dependent hydrolysis. This is
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significant as surface charge variations as a function of pH may offer guidance regarding
almandine’s pH-dependent dissolution rates.

Usually, the disordering of a silicate’s atomic structure, when induced at constant
composition (e.g., due to pressure, temperature or ballistic shocks), is expected to result in
elevations of chemical reactivity, as indicated by aqueous dissolution rates—although there are
exceptions depending on the solution’s composition or the silicate’s atomic structure. [72] The
vast majority of such disordering-induced reactivity amplifications have been studied in
framework (i.e., percolated) silicates wherein silicate tetrahedra are intimately connected to each
other. It is unknown whether silicates consisting of isolated (non-percolating) silicate tetrahedra
may show similar sensitivity to atomic disordering. In order to better understand these aspects,
the dissolution behavior of disordered (irradiated) almandine was examined using vertical
scanning interferometry (VSI) from observations of surface retreat. Molecular dynamics (MD)
simulations and topological constraint theory (TCT) were used to explain the dissolution trends
in the context of changes in atomic structure, e.g., in terms of the coordination number, bond
length, and bond angle distributions. It is shown that nesosilicates feature relatively small
changes in chemical reactivity following irradiation — since their isolated silicate tetrahedra show
little if any change in structural connectivity. This behavior is consistent with the dissolution
mechanism revealed from pH-dependent measurements of dissolution rates. Taken together,
these new insights offer guidance regarding the role of the electrochemical and ballistic

environment on affecting the durability of garnet-type silicates in aggressive environments.

3.2. Materials and Methods

3.2.1. Sample Preparation and lon Irradiation
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Naturally occurring almandine was sourced from Ward’s Natural Science Company. [73]
The samples were sliced using a low speed diamond saw (IsoMet™ 1000, Buehler Inc.) into a
size of 1 cm x 1 cm x 1 mm. The pristine (non-irradiated) samples were embedded in a cold-
cured inert acrylic resin (EpoxiCure Resin, PN 203430128: Buehler Inc.). After 24 hours, the
resin-mounted samples were successively mechanically polished using 400, 600, 800 and 1200
grit SiC abrasives, and then using diamond paste (starting from 6, 3, 1 down to 0.25 pum). The
polished almandine samples had a surface roughness (Sa) of 100 nm over a field of view (FoV)
of 1.3 um x 1.3 um as assessed using vertical scanning interferometry (VSI).

In addition, polished samples prepared for Ar* ion implantation were sent to the
Michigan Ion Beam Laboratory (MIBL). [74] Ion implantation was conducted using 400 keV
Ar" ions at room temperature to a total fluence (dose) of 1.0 x 10'* ions/cm?. Ar* ion irradiation
was selected to simulate neutron irradiation in nuclear power plants because it offers precise
control of the temperature and dose, and is known to result in similar alterations to the crystal
structure at terminal disordering. [12, 76]The Ar" implantation depth was calculated using
“Stopping and Range of Ions in Matter” (SRIM) to be on the order of 420 nm, assuming the
samples are defect-free single crystals. The calculation assumes that the density of almandine is
4.30 g/cm?, and that it features a composition of Fe3Al(SiO4)s. It should be noted however that
the natural almandine used herein contains minor impurities such as biotite and amphibole as
detected using polarized light microscopy (Figure 3-2), which is expected to result in a
penetration depth greater than 420 nm. The irradiated almandine samples were then adhered to a

cylindrical resin mount to facilitate handling.

3.2.2. X-ray Diffraction (XRD)
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Finely powdered almandine was mounted on a rotating sample holder, and analyzed
using powder x-ray diffraction (XRD). The diffraction patterns were collected using a Bruker
D8-Advance powder Xx-ray diffractometer in 0-0 Bragg-Brentano geometry, using Cu-Ka
radiation (A = 1.5406 A) at an accelerating voltage of 40 kV, and a beam intensity of 40 mA.
Each pattern was recorded for a total duration of 16 minutes at a step size of 0.02° in the range of
scattering angles, 0, between 10° to 70°. The XRD pattern of the almandine sample is similar to
that of pure almandine reported in the literature, [125] albeit showing the presence of biotite and

amphibole impurities (see Figures 3-2).

Alm Almandine rock sample
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Figure 3-2: The x-ray diffraction patterns of the natural (non-irradiated) almandine powder

showing the presence of biotite and amphibole impurities.

3.2.3. Thin section analysis using polarized light microscopy

The almandine sample was sectioned and trimmed to a thickness of 30 um (Wagner
Petrographic) and examined using a polarized light microscope (Leica DM750P). [126] This
analysis revealed impurities in the almandine matrix in the form of biotite and amphibole (Figure

3-2), in agreement with the x-ray diffraction patterns shown in Figure 3-3.
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Figure 3-3: Representative polarized light microscopy images of a thin section of the

almandine sample shown in: (a) plane-polarized light, and, (b) cross-polarized light showing
impurities of biotite and amphibole. The sample is dominantly composed of almandine, as
evidenced from petrographic analysis. However, the images shown here represent a magnified

region selected to demonstrate the presence of impurities.

3.2.4. Zeta potential measurement

The zeta potential of finely powdered almandine particulates (dso =~ 20 um) was measured
by suspending 1 g of particulates in 100 mL Milli-Q deionized water (>18 MQ-cm) that was
conditioned to an appropriate pH (1, 2, 4, 6, 10, 12 and 13) using NaOH (basic regime) or HCI
(acidic regime). The suspensions were sonicated for 1 minute after which 1.5 mL of the
suspension containing the particulates was placed into a cuvette for zeta potential measurements.
Zeta potentials were measured using a ZetaPALS analyzer from Brookhaven Instruments
Corporation [127] that used an acoustic electrophoresis (i.e., streaming potential) method. At
each pH, ten discrete measurements of the zeta potential were obtained which were then

averaged to obtain statistically representative data.
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3.2.5. Measuring almandine’s dissolution rates using vertical scanning interferometry (VSI)

Almandine was dissolved under flowing conditions using a flow-through cell (in-line
diffusion cell, PermeGear) at 25 + 3 °C at each solution pH. The solutions were prepared by
adding NaOH or HCI to Milli-Q water (>18 MQ-cm), and the pH of each solution was measured
using a ThermoFisher Scientific Orion Versa Star Pro pH Benchtop Multiparameter Meter
calibrated over the range 1 < pH < 13 at 25 + 3 °C. The solutions were pumped into the flow-
through cell using a peristaltic pump (Bio-Rad) [128] at flow rates ranging between 0-to-18
mL/minute.

To correlate atomic (structural) alterations following irradiation to dissolution rates, the
dissolution rates of pristine and irradiated almandine were measured using vertical scanning
interferometry (VSI) by quantifying the surface retreat due to dissolution following contact with
flowing solutions. It should be noted that a portion of the sample surface was covered with an
inert silicone mask (Silicone Solutions SS-38) to offer a “reference/inert area” from which the
extent of surface retreat of the dissolving (unmasked) area was measured. Following contact of
the almandine samples with the flowing solution for a selected contact time, the samples were
removed from the flow cell, and their surfaces were evacuated of any residual solution by
exposing them to a stream of compressed air. Thereafter, the silicone mask was peeled off to
expose the unreacted surface. In the last step, the sample’s surface topography was measured
using VSI (in air).

The nanoscale vertical resolution (1-2 nm) of VSI offers the ability to directly track the
change in height of the reacting surface with respect to a masked reference, as a function of the

solution exposure interval. This allows us to assess dissolution rates of reacting (dissolving,

55



precipitating, or corroding) materials at unparalleled resolution. VVSI images were acquired using
a 50x Mirau objective (numerical aperture, N.A. = 0.55) which offers a lateral resolution of
around 163 nm. A single image field acquired using this objective features lateral dimensions of
170 um x 170 um. However, by stitching partially overlapping adjacent images, the field of view
(FoV) can be virtually expanded such that, herein, a stitched image field with dimensions of
1236 um x 441 um was acquired (N.B.: the image grid consisted of 10 x 3 images). All images
were acquired while accounting for the effects of tilt, i.e., by nulling the surfaces. The fringes on
the sample surface correspond to the light and dark bands that are produced by the — constructive
(amplitude enhances) or destructive (amplitude diminishes) — interference of the light source.
The operation of nulling the surfaces minimizes and distinguishes the number of fringes that are
visible inside the field of view (FoV) by adjusting the pitch (P) and roll (R) of the stage, thus
ensuring that the sample surface is level and is oriented perpendicular to the light source. The
analyses of acquired VSI images were carried out using Gwyddion (version 2.48) [86] which
quantified the change in height of the un-masked surface area with respect to the “reference
area”. The change in height (Ah, nm) was divided by the solution contact time (At, h) to reveal
the dissolution rate (Dr = Ah/At, nm/h). The uncertainty in dissolution rates acquired in this
manner is estimated to be on the order of 10% due to inherent uncertainties in VS| measurements,
e.g., low-frequency vibrations that may not be fully damped, or the effects of temperature

variations in the surrounding environment.

3.3. Results and Discussion

3.3.1. The dissolution behavior of pristine almandine in acidic and basic environments
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The steady-state dissolution rates of pristine and irradiated almandine were measured
using VSI at a flow rate of 13.5 mL/min after a total solution contact time of 6 hours. This flow
rate was selected following measurements of dissolution rates over a wide range of flow rates
since it is known that both the flow rate and period of solution contact affect attainment of the
steady-state dissolution condition (see Figure 3-4(a)). The flow rate dependent dissolution
analysis indicated that: (a) for flow rates greater than 8 mL/min, the dissolution rate of almandine
became invariant with flow rate (e.g., see Figure 3-4(a)) indicating that steady-state dissolution
has been achieved; wherein the rate of release of constituent species from almandine is constant,
and, (b) flow rates greater than 8 mL/min were sufficient to prevent the formation and
accumulation of aluminum hydroxide (Al(OH)s) and ferrous hydroxide (Fe(OH).) precipitates
[129] on almandine’s surface which could compromise measurements of surface topography, and
surface retreat using VSI. This is because, when causticity is abundant, following the equation
M?* + nOH — M(OH)ni), where, M is a metal ion, almandine’s dissolution results in the
precipitation of Al(OH)s and Fe(OH)2 on account of their low solubilities.

While dissolution is noted to be incongruent at short solvent contact times, at steady-state,
dissolution is congruent, i.e., stoichiometric, as evidenced by separate measurements of
elemental compositions of reacted solutions at acidic pH by inductively coupled plasma-optical
emission spectrometry (ICP-OES), consistent with Walther et al. (1996). [130] The observed
incongruency during initial stages of dissolution is typical to aluminosilicates, and the
preferential release of either Al [84, 130, 131] or Si [132] initially has been previously observed
at acidic pH. The enhanced rate of Si release relative to Al in the almandine sample may be on
account of the size differences of silicate tetrahedra and aluminate octahedra, and the prevalence

of isolated silicate tetrahedra in almandine’s structure.
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The dissolution of nesosilicates such as CazSiOs, Mg2SiOs, Be2SiO4, Ni2SiO4 and
Co02Si04 occurs through mechanisms including the rupture of cationic bonds and release of
silicate tetrahedra, and hydrolysis of Si-O bonds within the silicate structural units. [133, 134] In
general, the dissolution rates in acidic media of silicates consisting of a single framework cation
have been found to scale in ascending order with the size of the framework cation (Figure 3-4(b)).
[133] Westrich et al. explained this scaling in acidic solutions as being indicative of the relative
ease of exchanging the framework cation with protons during ion-exchange controlled
dissolution. [133] In proton-promoted dissolution, bridging oxygens at the mineral surface are
replaced by water molecules or hydroxyl ions; the replaced hydrated ions are ultimately released
from the mineral to the aqueous solution. The rate of solvent exchange correlates with size of
hydrated ions, particularly since, larger cations have a larger surface area to accommodate more
protons in associative exchange, which make them easier to detach. A comparison of
almandine’s dissolution rate, a mixed-cation nesosilicate, with single-cation nesosilicates shows
a trend that is consistent with this concept (Figure 3-4(b)). This is indeed suggested by the work
of Westrich et al. which estimated dissolution rates for mixed-cation nesosilicates by a linear
rule of mixtures for solid-solution compositions (e.g., analogous to Vegard’s law) [135] as
shown in Equation (3-1 and 3-2):

r(AxBy(Si04),) = Ageoy [T (Aa(Si00) )] + Baroo[r(By (Si04) )] Eq. (3-1)
D;(AxBy(Si04);) = Aat.os[Dr(Aa(Si04) )] + Bar.os[Dr (By(S5i04) )] Eq. (3-2)
, Where, r is the cation radius, Dy is the dissolution rate, A and B are metal cations, and at.%
represents the atomic fraction of a given cation in the mixed-cation composition. Of course, the
implicit condition that needs to be satisfied in the case of mixed-cation nesosilicates is that the

cations feature similar sizes. A similar relationship can be expected at high pH, such that cations
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with a larger field strength (i.e., ratio of charge to radius) induce faster dissolution because of
their tendency to concentrate OH", which causes bond polarization. The cation influence detailed
above describes the variation in rates for a given pH. Steady-state dissolution rates of almandine
also vary with pH, as shown in Figure 3-5(a). In general, it is seen that dissolution rate achieves a
minimum at around pH 5 — featuring increases on either side of this dissolution minimum. Such
dependencies of (alumino)silicate dissolution rates on solution pH have been observed
extensively wherein the dissolution rate scales as a function of {a}" [87—89] where ‘{a}’ denotes
the activity of an ion a, typically H* or OH" species depending on the solution pH, and n is an
empirical fitting coefficient. When the logarithm of the dissolution rates is plotted as a function

of the solution pH — n is often noted to vary between 0.3 <n < 0.5 for silicates. [130, 136]
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Figure 3-4: (a) The dissolution rate of almandine as a function of flow rate quantified using
vertical scanning interferometry (VSI). Beyond a flow rate of 8 mL/min the dissolution rate
plateaus demonstrating a flow rate independence. (b) The dissolution rates of nesosilicates as a
function of their cationic radii. Taking into account the average cationic radius (Fe?*, AI**) of
almandine, the dissolution rate of almandine (i.e., a mixed cation nesosilicate) estimated using
Equation (3-2) (red) closely matches its measured dissolution rates (green) in agreement with

the broader trend that relates dissolution rates and ionic radii for nesosilicates (blue).

Furthermore, it is noted that almandine’s zeta potential decreases systematically from
acidic to basic regimes with the point of zero charge (PZC) — sited around pH 5 — corresponding
to the point at which the surface charges of Al and Si surface sites are minimized. [130] Due to
the presence of HO, an oxide mineral’s surface is generally covered in varying degrees with
“surface hydroxyl groups”, e.g., Si—OH. [137] For the case of pure silica, the minimum total
surface charge is affected only by H* and OH" in the solution, without any specific adsorption on
the surface, and hence the PZC and isoelectric point (IEP) are equivalent. In acidic solutions, the

reaction between a silicate surface and the solution interface can be written as:
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Si-OH+H" — Si-OH, Eqg. (3-3)

Therefore, positive charges are present on the mineral surface. When the surface contacts
alkaline solutions, the reaction can be written as:

Si-OH+OH — H,0+S8i-0" Eq. (3-4)

This explains the origin of the negative surface charge of silicates in basic solutions.

[137]Based on studies on quartz and aluminum oxide, Walther et al. [130, 131]observed that the

minimum in the dissolution rate occurs at the pH where the sum of absolute charge from Si in

quartz or Al in aluminum oxide is minimized—i.e., pH 2.5 and 8.4 for quartz and corundum,

respectively. [130]
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Figure 3-5: (a) The dissolution rates of pristine almandine measured at a flow rate of 13.5
mL/min showing the dissolution minimum in the mid-pH region (pH 5). (b) The zeta potential
of pristine almandine measured as a function of solution pH. (c) The dissolution rate of
pristine almandine as a function of its zeta potential showing that the dissolution minimum
occurs at the pH where the sum of the absolute value of surface charge (Al and Si) is
minimized; i.e., the point of zero charge (PZC, pH 5) is achieved. Also shown is a comparison
of measured (blue circles) and estimated dissolution rate for pristine almandine (dashed red

line) using Equation (3-5).

As such, for aluminosilicates, the dissolution minima are expected to be determined by
composition, i.e., the Al/Si ratio, which dictates the pH at which the surface features minimum
(zero) surface charge. Since alkalis and alkaline earth cations tend to leach rapidly from
aluminosilicates and be replaced by protons, it is the residual Al and Si left on the surface that
determine the value of this pH. [130, 138] For example, for Al/Si < 1 (e.g., almandine; Al/Si =
0.67) the surface charge and dissolution rate minimum is observed at a pH between 4 and 6, as
noted in Figure 3-5(a-b). This pH-dependence of dissolution rate is controlled by the

electrosorption of H* and OH™ ions on terminal surface Al or Si sites. Since pure SiO2 and Al,Os
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exhibit a dissolution minimum at pH 2.5 and 8.4, respectively, it is expected that, in acidic
regimes (pH < 7), the surface charge for SiO; is close to 0, and is relatively low in magnitude
compared to its value in high pH conditions. The opposite is true for Al,O3, which exhibits high
surface charge at low pH compared to SiO., and while it becomes increasingly negative in
alkaline conditions, it remains smaller than of SiO». [130, 139, 140] This analysis affords the use
of surface charge, as indicated by zeta potentials, to estimate the dissolution kinetics of silicates.
It should be noted however that zeta potential does not discriminate the identity of surface sites,
and is only sensitive to the total charge arising from both Si or Al sites on the mineral surface.

Recently, Kristiansen et al. showed that the dissolution kinetics of silica enhanced with
applied potential. [141, 142] Such a dissolution rate-applied potential scaling can be described
using the Butler-Volmer equation as shown in Equation (3-5) below:

D, = —Ce “Fsm’ Eq. (3-5)

Mm _iEa,
C = ﬁe kg %0 Eq. (3-6)

, where, Dy is the mineral dissolution rate (mol/cm?/s), o is a transfer factor, and the product
a-AU (mV) reveals the surface potential (note that in the fitting below, AU is the zeta potential,
mV), [143] e/ksT is the “thermal voltage” which equals to 1/25.8 (mV?) at room temperature
(K), where e is the charge on an electron, kg is Boltzmann’s constant (¢V/K), T is the
temperature (K), and C (mol/cm?/s) is a material specific constant based on its molar mass (Mm,
497.75 g/mol) and density (p, 4.30 g/cm®), and where E, is the activation energy of the
dissolution reaction (kJ/mol), z is the collision frequency (z, s*), p is a steric factor (1/6), and A
denotes the surface area that is available for dissolution (m?). It should be noted that the negative

sign preceding the transfer factor is eliminated if the surface potential is positive.
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By regression, Equation (3-5) can be fitted to the dissolution rates of pristine almandine
in acidic and basic regimes, separately, to recover C (2.5) and a (3.8 and 1.6), respectively, as
shown in Figure 3-5(c). The fitting applies a transfer factor to describe the difference between
the surface potential and zeta potential (i.e., if the surface potential and zeta potential were equal,
a = 1). [143] The difference in numerical values of a reflects a change in dissolution mechanism
(e.g., ion exchange in acidic solution or hydrolysis in basic solution) with pH. The
reasonableness of the fitted values of the transfer factor can be assessed from knowledge of the

electrical potential as a function of distance from the particle surface as shown in Equation (3-7):

[144, 145]
J=de™ Eq. (3-7)
1 5 i Eq. (3-8
k:(ereoszllzi e'n, ] qg. ( )

, Where, ¢, (mV) is the surface potential at x = 0 (i.e., at the mineral surface, nm), k is the
inverse of the Debye length [146] (nm™) which depends on the solution’s ionic strength, ereo is

electrical permittivity, z; is the valence of the ionic species, nl¥ is the number density in the bulk

solution, and M is the number of species (Na*, OH", H*, CI). As such, 1/e™** = q, i.e., the
transfer factor in Equation (3-5). At pH 13, for a 0.1 mol/L NaOH solution, setting x = 0.3 nm to
describe the position of the slip results in a transfer factor: 1/e~"** = 1.47 which is similar to the
value suggested by fitting Equation (3-5) to the data in Figure 3-5(c) under alkaline conditions (o
= 1.6). This is a significant finding that supports the use of electrical surface potentials (or
alternatively, zeta potential) as a proxy of mineral dissolution rates. As such, it is evident that the
dissolution rate of a mineral correlates with the surface potential as described by a modified
Butler—VVolmer equation. This suggests that mineral dissolution is fundamentally linked to the
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electrochemistry of surfaces. Not only does this finding provide new insights into dissolution
dynamics in general, but it offers a means to potentially estimate dissolution rates from measured
zeta potentials, and vice versa. The universality of the observed relationship between zeta
potentials and dissolution rate is an important aspect that needs to be further clarified.
Nonetheless, taking the examples of the oxide surfaces of Al>Os; and SiO2, [130] and of mica,
silica and zircon, [141] it can be argued that the observed relationship is indeed — general, and

broadly applicable —i.e., to both simple, and complex oxide surfaces.

3.3.2. Using MD simulations and topological constraint theory to assess dissolution rate

alterations following structural changes induced by irradiation

To elucidate the effects of irradiation on chemical durability, the dissolution rate of
irradiated almandine was measured in acidic and basic media. In general, irradiation resulted in
an increase (up to 2x, where x is the dissolution rate of pristine almandine at a given pH) in
dissolution rate across all pH levels (Figure 3-6(a)). Importantly, the slope of the dissolution rate-
pH trendline is unaffected, whether almandine may be irradiated or not, indicating that
electrochemical controls on dissolution remained unaffected by radiation (see Section 4.1). This
also highlights that while irradiation can alter absolute dissolution rates, it does not alter the rate
controlling step(s) in dissolution (i.e., the dissolution mechanism/pathway). Previously,
Pignatelli et al. and Hsiao et al. have shown that silicate dissolution rates substantially elevate
following a mineral’s exposure (e.g., quartz, albite) to irradiation. [11, 120] This is on account of
the structural disordering/amorphization that is induced. However, both quartz and albite feature
highly polymerized structures wherein their silicate tetrahedra are intimately connected to each

other — forming a periodic framework. Consequently, irradiation induces substantial
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depolymerization as a result of which quartz’s dissolution rate can elevate by up to 3 orders of
magnitude and albite’s dissolution rate can increase by up to 20 times at a fixed pH. [120]
Conrastingly, almandine shows a comparatively marginal increase (doubling) of its aqueous

dissolution rate following irradiation.
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Figure 3-6: (a) The dissolution rates of pristine and irradiated almandine as a function of the
solution pH. The similar slopes in acidic and basic regimes clarify that irradiation does not
induce a change in the dissolution mechanism, and the elevation in dissolution rates simply
arises from a reduction in cation coordination. (b) The pair distribution functions (g(r)) of

pristine and irradiated almandine.

Since MD simulations provide direct access to the trajectory of atoms, they offer direct
insight into the nature of atomic alterations induced in almandine’s structure following
irradiation. Analysis of the pair distribution functions (PDF, g(r)), before and following
irradiation, as shown in Figure 3-6(b) indicates that almandine’s short-range order (SRO, <3 A),

bond lengths and coordination numbers of each atomic species remain unaffected following
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irradiation. But, for scales at and beyond medium-range order (MRO, >3 A), a substantial
smoothening/dissipation of the PDF is observed, indicative of vitrification. [100-102]

The effects of vitrification on structural connectivity/rigidity can be quantified within the
framework of topological constraint theory (TCT). [103, 104] TCT reduces complex atomic
networks to a simple network consisting of nodes (atoms) and rigid-members (atomic bonds).
[59] This allows computation of the rigidity of an atomic network as described by the average
number of topological constraints placed on a given atom in the network (nc, unitless). The
constraints herein include: (a) the radial bond-stretching (BS), and, (b) the angular bond-bending
(BB) variants which maintain bond lengths and bond angles fixed around their average values,
respectively. Following Maxwell’s stability criterion, [60] atomic networks can be categorized as:
(1) flexible (n. < 3), showing floppy internal modes of deformation, [105] (2) stressed-rigid
(n. > 3), featuring eigenstress due to mutually incompatible constraints, [106, 107] or (3)
isostatic (n. = 3), being rigid but free of eigenstress. This nature of analysis reveals that the
number of constraint per atom (n¢) for almandine decreased from 2.85 to 2.18, from the pristine
to the irradiated state, respectively. This reduction in the number of constraints, or network
rigidity, as also reflected by the smoothening of the MRO is on account of: (1) a change in the
coordination of 87.8% of Al atoms from octahedral to tetrahedral coordination, (b) a change in
the coordination of 74.4% of Fe-species from being 8-coordinated Fe to becoming 5-or-6
coordinated, and, (3) the formation of non-bridging oxygen (NBO) atoms, by an amount

equivalent to 33% of all O atoms, which do not exist in pristine almandine.
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(@) (b)
Figure 3-7: Representative snapshots of the simulated atomic structure of: (a) pristine and (b)
irradiated almandine. For clarity, only SiO4* units are shown (Si: yellow, O: red) to highlight

the state of silicate connectivity through the network.

It is important to note, the decrease in the number of constraints (Anc = 0.67) in
almandine results mostly from a decrease in cationic coordination number(s) rather than a
change in the atomic connectivity of silicate tetrahedra (e.g., a change in Si—O bond length or Si—
O-Si bond angle in the case of framework silicates). This is significant as, following Hsiao et al.
(2017), Anc=0.67 should result in an increase of dissolution rate by around 200 times for typical
silicate-based materials. [120] However, a much more modest increase in dissolution rates (and
hence decrease in chemical durability) is noted. The breakdown of the previously suggested
relationship between dissolution rate and number of constraints per atom can be understood from
the fact that, in contrast to more polymerized silicates, [147] irradiation does not induce changes
in the connectivity of almandine’s silicate backbone — but rather only eases the breakage of

cationic (Fe?* and AI**) bonds in the structure. In silicates, dissolution implies the breakage of
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high-energy Si—O bonds, which often serves as the rate-limiting step of dissolution. [110, 148]
As shown in Figure 3-7(a), pristine almandine initially exhibits isolated SiO4 units (i.e., no Si—
O-Si bonds are present). Both before and following irradiation, dissolution can proceed without
requiring the breakage of Si—O bonds. As such, SiO4* units are directly transferred into solution
as rigid blocks.

Upon the disordering of almandine’s network following irradiation although some Si—O—
Si bonds form, they are limited. Hence, many SiO4* units remain isolated or form small clusters
(see Figure 3-7(b)) so that silicate chains (i.e., —Si—O-Si— bonds) do not percolate throughout the
atomic network. This is partially on account of the composition which tends to form Si—-O-Al
bonds rather than Si—O-Si or AI-O-Al bonds — in partial compliance with Loewenstein’s “Al-
avoidance” rule. [149, 150] Consequently, dissolution can also occur through another path such
as breakage of cationic bonds rather than Si—O bonds. It is the former process that is enhanced by
irradiation, particularly through changes in the cation’s coordination numbers. It should be noted
that the small silicate clusters (i.e., with 2 or 3 Si atoms) that form upon irradiation are expected
to be released into solution as rigid units (rather than individual SiO4* groups), which explains
the slight increase (around 2x) in dissolution rate. Hence, in nesosilicates, dissolution rates are
enhanced by facilitated extraction of their cations rather than by affecting the connectivity of the

silicate network.

3.4.  Conclusion
This study presents new insights into almandine’s dissolution behavior in acidic and basic
regimes; and following exposure to radiation. First, dissolution kinetics are shown to be

correlated with a mineral’s surface charge. In particular, it is shown that the minimum
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dissolution rate is achieved at pH 5, corresponding to the pH at which almandine, which has a
garnet-type structure, achieves a minimum (absolute) value of total Al and Si surface charge.
This allows the dissolution rates of almandine to be estimated using a modified Butler-Volmer
equation, highlighting the critical role of surface electrochemistry on dissolution processes.
Second, it is highlighted that almandine experiences relatively small elevations in dissolution
rates following irradiation, as compared to percolated silicates such as quartz and albite with
feature higher levels of polymerization. Molecular dynamics simulations show that unlike
framework silicates, silicate connectivity in the garnet-type almandine remains broadly
unaffected upon irradiation. Instead, the coordination numbers of the cations Fe?* and Al
decreases, causing a modest, but constant, enhancement in rates across the entire solution pH
range. Thus, the mechanisms of dissolution, which include both breakage of cationic bonds and
subsequent release of intact silicate tetrahedra as well as pH-dependent hydrolysis of Si—O bonds,
are reflected in the observed irradiation effect on overall dissolution rate. As such, the outcomes
of this work offer new insights into the origin of, and rate controls on the reactivity of non-
percolated garnet-type silicates across a wide range of solution pH’s and specifically highlight
how surface electrochemistry and surface potential, and network polymerization affect
dissolution processes in natural and engineered material systems. This understanding gained, i.e.,
of electrochemical controls on dissolution processes can be applied not only within an earth
science perspective, but also to a diversity of engineered and biological systems including:
nuclear waste disposal, glass corrosion, cementation processes, hard tissue systems, and micro-
and nanofluidic systems, in which an understanding of the controls on reactivity of oxide

surfaces is of considerable importance.
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Chapter 4 The effect of irradiation on the atomic structure and chemical
durability of calcite and dolomite

4.1. Introduction and Background

Carbonates are common minerals that make up nearly 20% of the sedimentary rocks at
the Earth’s surface.[151] Limestone, a sedimentary rock composed mainly of calcite (CaCOz3)
and dolomite (CaMg(COzs)2), often finds use as a mineral aggregate in concrete.[152—155]
Recent studies have shown that aggregates (e.g., limestone) may be altered upon exposure to
irradiation, resulting in decreases in compressive strength and elastic modulus of concrete at
fluence levels above 1.0 x 10%° n/cm?.[8] Under prolonged neutron irradiation, aggregates, and
their mineral constituents may feature volume expansions or enhancements in their reactivity,
e.g., enhanced dissolution rate.[11] The cement paste, because of its poor crystallinity, has been
shown to be relatively less affected by neutron irradiation.[156] Such alterations can
detrimentally affect the structural integrity of concrete — an issue of particular importance in
NPPs.[8, 11, 120, 157, 158]

Volume changes produced in nuclear power plant (NPP) concretes may result from
expansion, drying shrinkage, and radiation (e.g., neutron, and y—rays) effects on the aggregate
and cement paste. Aggregates and the minerals therein, which occupy more than 70% of the
volume of concrete and are disproportionately affected by radiation exposure, dominantly affect
volume changes and the durability of concrete. Thus, damage and cracking of concrete can occur
due to mechanical expansive stresses resulting from the irradiation-induced volume changes of
the aggregates and the onset of dissolution-facilitated alkali-silica reaction (ASR) or alkali-

carbonate reaction (ACR) for siliceous or carbonaceous aggregates[159, 160]
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Studies of irradiation-induced alterations of the atomic structure and reactivity of
minerals have mainly focused on silicates; e.g., quartz: SiO2, albite: NaAlSizOs, and almandine:
FesAl>SisO1o—which were observed to form disordered structures following their irradiation.[11,
120, 157] However, the effects of irradiation on carbonates remain less clear. For example, for
calcite, whereas some studies reported negligible changes both in its atomic structure and
dissolution kinetics,[11, 161] others indicate the evolution toward an amorphous atomic structure
with increasing fluence.[162, 163] Analogous studies on dolomite have not been undertaken.
Dolomite and calcite exhibit similar structures, wherein layers of carbonate (COs?) groups
separate layers of different cations (Ca?* in calcite, or Ca?* and Mg?* in dolomite) (see Figure 4-
1). Both minerals can be described by a rhombohedral unit cell, but the alternating Ca-Mg
arrangement in dolomite reduces its symmetry, i.e., vis-a-vis calcite, from R3c to R3. Despite the
structural similarity of these two light-metal carbonates, significant differences have been
observed with respect to their dissolution kinetics,[164, 165] solubility,[166] and thermal
expansion behavior.[167] These differences have been explained in terms of the differences in
the properties of the C-O, Ca—0O, and Mg—O bonds (e.g., bonding energy, interatomic distance,
etc.).[167] As such, it may be envisioned that irradiation influences the structure and properties
of these two carbonate minerals distinctly.[168] Therefore, this study examines and compares the
effects of irradiation on calcite and dolomite’s atomic structures and reactivities in aqueous
solutions. Vertical scanning interferometry (VSI) provides high vertical resolution (~ 2 nm)
topographical data of reacting surfaces, enabling measurements of dissolution rates of irradiated
layers with thickness < 500 nm. The combination of nanoscale (VSI) analytics and molecular
dynamics (MD) simulations implemented herein allowed for direct comparison, and analysis of

how the atomic structures of mineral, and changes therein result in changes in their chemical
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durability. The outcomes of this study offer new insights into the mechanism of irradiation
damage of light-metal carbonates at the atomic scale and inform the selection of durable mineral
aggregates for the production of concrete that may find use in both nuclear-energy/-waste

disposal applications.

e
(@) (b) (©)
Figure 4-1: The crystal structure of (a) pristine calcite and (b) pristine dolomite projected
along the [100]-plane as visualized using VESTA.[66] Ca, Mg, C, and O atoms are shown in

blue, orange, black, and red, respectively. The unit cell is outlined in black. (c) The unit cell

viewed from the [001] orientation.

4.2.  Materials and Methods
4.2.1. Sample Preparation and lon Irradiations

Synthetic single-crystals of (100)-oriented calcite with dimensions of 1 cm x 1 cm x 1
mm (I x w x h) were sourced from MTI Corporation. Naturally occurring dolomite from Sussex
County, NJ was obtained from Ward’s Science and sectioned to dimensions of 1 cm x 1 cm x 1

mm using a low-speed diamond saw (IsoMet™ 1000, Buehler Inc.). One side of the dolomite
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coupons was successively polished using 400, 600, 800, and 1200 grit SiC abrasives and then

with diamond paste from 6, 3, 1, and % pum prior to ion implantation.
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Figure 4-2: The representative Ar* ion concentrations as a function of the distance from the
implantation surface (located at x = 0 nm). The ion concentration when multiplied by the
implantation fluence (10'* ions/cm?) reveals the number density of implanted Ar* ions per unit

volume. This calculation assumes defect-free, stoichiometric single crystals.

To simulate neutron irradiation, calcite and dolomite were exposed to Ar* ions, which
induce similar damage as neutrons while offering precise beam control and ease of handling.[12]
The as-received calcite and polished dolomite samples were irradiated at the Michigan lon Beam
Laboratory (MIBL) at ambient temperature using a 400 keV Ar* ion beam to a total fluence of
1.0 x 10' ijons/cm?. The ion or neutron fluence and the system’s temperature determine the
extent of irradiation-induced damage and disordering that is produced (e.g., displacements per
atom: dpa).[169] For example, a typical neutron fluence after 40 years of operation in nuclear
power plants is around 10'° n/cm2[8] To induce the same extent of disordering via ion

bombardment, the fluence must be around 10° times lower.[169] Thus, an Ar* fluence of 10
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ions/cm? was chosen herein. Further, increasing the incident energy beyond 100 eV has been
shown to not affect lattice distortion and atomic density.[170, 171] It is noted that the medium
recoil energy for 400 keV Ar* ions is a factor of 4 lower than for neutrons, although the damage
recovery rates of the two are similar.[172] The concentration of implanted Ar* ions as a function
of depth was calculated using SRIM (Stopping and Range of Ions in Matter) using the “detailed
calculation with full damage cascade method” based on the incident energy of the ion beam (400
keV), the displacement energies for each atom, i.e., Ca, Mg, C, and O which are 25, 25, 28, and
28 eV, respectively, and the ideal compositions and densities of the solids (calcite: 2.71 g/cm?
and dolomite: 2.87 g/cm?®). These calculations indicate ion-influenced depths of around 500 nm
and 430 nm for calcite and dolomite, respectively (see Figure 4-2). The presence of impurities
and defects that may affect the actual ion-implanted depths were not considered in the SRIM

calculations.

4.2.2. Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)

To ascertain the composition of dolomite, SEM-EDS analysis was carried out on
powdered samples with an average particle diameter around 20 um. The particulates were gold-
coated to a thickness of around 6-to-7 nm and examined using backscattered electrons using a
Phenom G-2 SEM (15 kV, 80 pA). The field-of-view (FoV) selected was larger than 10000 pm?
and more than three repeat measurements were carried out for each the same sampling area (see
Table 4-1). The slightly higher concentration of Ca (1-to-2 mol%) that is observed likely arises
from the presence of 1-2 mol % CaCOg as vaterite (a hexagonal polymorph of CaCO:s),[173] as

confirmed by X-ray diffraction.
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Table 4-1: The composition of the dolomite used as compared to a reference composition.

Simple Dolomite sample Reference values for pure dolomite
carbonate mol % mol %

CaCOs 56.80 + 3.4 54.35

MgCO3 4320+ 3.4 45.65

4.2.3. X-ray Diffraction (XRD)

The mineral composition of the natural dolomite was examined using a Bruker D8-
Advance powder x-ray diffractometer in 0-0 Bragg-Brentano geometry, using Cu-Ka radiation (A
= 1.5406 A) at an accelerating voltage of 40 kV and a beam intensity of 40 mA. A 20 range of
20° to 75°, a step size of 0.02°, and an exposure time of 0.5 s/step were used. The XRD pattern
of the sample is qualitatively similar to the International Centre for Diffraction Data (ICDD)
reference for dolomite (Code: 00-001-0942) as shown in Figure 4-3. The presence of vaterite

impurity was identified from the diffraction peak at 20 = 26.64°.[174]

vaterite Reference: 00-001-0942

-—

— Dolomite sample

Intensity (~)

20 25 30 35 40 45 50 55 60 65 70 75
Diffraction Angle (20, degrees)

Figure 4-3: Representative X-ray diffraction patterns of powdered dolomite shown alongside

the ICDD reference. The diffraction peak at 27° indicates the presence of vaterite impurity.

4.2.4. Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy
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FTIR was carried out on the pristine and irradiated calcite and dolomite samples using
Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR,
PerkinElmer Spectrum Two) at room temperature. Here, polished calcite and dolomite surfaces
were pressed using around 90 N of force onto a diamond/ZnSe composite crystal to ensure good
contact and generate total internal reflection. The spectra reported herein were obtained by
averaging 4 scans over the wavenumber range of 2000-400 cm™ at a resolution of 1 cm™.

The peaks observed in a Raman spectrum arise from specific molecular vibration or
rotation modes. Both the pristine and implanted dolomite samples were probed using a Renishaw
inVia confocal Raman microscope with a laser beam of near-infrared wavelength of 532 nm. The
laser penetration depth in Raman spectroscopy depends on the wavelength of the incident beam.
The penetration depth for the spectra shown is around 0.7 um for a wavelength of 532 nm,
implying that the acquired signal is dominated by the material in the irradiation-affected
(damaged) region. The spectra were obtained at 1 cm™ resolution over 10 s of exposure of the
CCD detector in the wavenumber region 0-2000 cm ™. Three spectra were collected at 2 different

areas on the mineral surfaces (each having a spot diameter of 100 um).

4.2.5. Vertical scanning interferometry (VSI) for quantifying mineral dissolution rates

The dissolution rates of pristine and irradiated calcite and dolomite surfaces were
measured using a flow-through cell (PermeGear) at room temperature (22 £ 1 °C). Alkaline
solutions with pH 10, 12, and 13 — i.e., to mimic the chemical environment in concrete — were
prepared by adding reagent-grade NaOH to deionized water (>18 MQ-cm). The pH of the
solutions was measured using a ThermoFisher Scientific Orion Versa Star Pro pH Benchtop

Multiparameter Meter calibrated over the range of 2 < pH < 13. The solutions were injected into
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the cell (volume = 0.708 mL) at a flow-rate of 1.0 mL/min using a peristaltic pump. These flow
conditions have been shown to be sufficient to prevent supersaturation with respect to phases
such as Ca(OH)2, Mg(OH)2, CaCOs, and MgCOs.[175-179] The dissolution rates of calcite and
dolomite were measured using vertical scanning interferometry (VSI) by observing the surface
retreat after 2 hours of reaction for pristine calcite, 4 hours for irradiated calcite and 6 hours for
pristine and irradiated dolomite. These periods of solution contact resulted in dissolution depths
< 300 nm across all samples. This implies that the zone of the mineral that dissolves is well-
within the ion-influenced regions as simulated using SRIM. A 50x Mirau objective (N.A. = 0.55,
lateral resolution 0.163 pum) was used to measure surface height (change) over a total field of
view (FoV) of 1374 um x 974 um. To offer a height reference for the VSI measurements, a
portion of the sample surface was covered with an inert silicone mask (Silicone Solutions SS-38).
Thus, the masked area that is revealed after peeling off the silicone mask serves as an unreacted
“reference.” The topographical images acquired were analyzed using Gwyddion (ver. 2.48). The
absolute height difference between the reacted (dissolved) and masked areas when divided by the
molar volume, and the period of dissolution reveals the molar dissolution rate. The error bars
shown signify one standard deviation of the average dissolution rate for three unique samples.
The dissolution rate for each sample is the average of at least three measurements made across
different areas on the sample. Additional details on the VSI methodology can be found

elsewhere.[120, 157]

4.3. Results and Discussion

4.3.1. Dissolution behavior of pristine and irradiated carbonates in alkaline solutions
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Figure 4-4 shows the dissolution rates of calcite and dolomite before and following
irradiation. Other dissolution rates of pristine calcite and dolomite as reported by Plummer et al.
(1978), Busenberg et al. (1986), Chou et al. (1989), Shiraki et al. (2000), and Dolgaleva et al.
(2005) are shown for comparison.[51, 164, 179-181] In general, it was observed that the
dissolution rate remained unchanged for 6 < pH < 10, and decreased thereafter as the pH
increased, in relation to the increase in the carbonate-ion activity in solution.[182] The
dissolution rate of carbonates in alkaline solutions is controlled by the pH-dependent
concentrations of dissolved H,CO3", HCO3 and COs? at the solid-water interface.[183] In highly
alkaline solutions, the sorption of hydroxyl ions by the mineral surface leads to a higher surface
pH due to the formation of negatively-charged surface groups, which may reduce the rate of
carbonate detachment.[183] It should be noted that although the literature data considered herein
were obtained under the same pH,[51, 164, 179-181] the dissolution rates, especially of calcite,
show considerable variability on account of differences including: particle size distribution,
solution chemistry, sample source, etc.[179, 184] Nevertheless, our measured dissolution rates
lie within typical ranges observed previously, and in fact agree closely with the data of Chou et
al. obtained at 25°C.[51, 164, 179-181]

Overall, it was observed that the dissolution rate of dolomite is lower than that of calcite
over the entire range of pH considered.[164] The slower dissolution kinetics of dolomite have
been attributed to the rapid release of Ca?*, which leaves the solid enriched in the MgCOs
component whose protonation and hydrolysis control the overall dissolution rate.[185, 186]
Although the dissolution rates for both the pristine and irradiated calcite are within the range of
published values (see Figure 4-4), upon irradiation, a uniform decrease in, especially the

dissolution rates of calcite, over the entire pH range probed was observed. This is postulated to
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be on account of ion implantation, at the energies and fluence implemented herein inducing the
reorganization of existing dislocations in the crystal structure in an effect similar to
annealing,[187] which would result in a consequent reduction in the dissolution rate (and
elsewhere, has been observed to result in an increase in calcite’s hardness).[188, 189] This effect
is more prominent in the case of calcite, i.e., rather than dolomite on account of the calcite being
a pure and phase-oriented single crystal as compared to the natural dolomite sections. In the case
of dolomite, irradiation appears to impose no effect on its dissolution behavior. Thus, it can be
concluded that irradiation affects carbonate mineral dissolution rates in a much more limited
manner than observed for silicates.[188, 190] For example, quartz, albite, and almandine have
shown increases in their dissolution rate upon irradiation by a factor of 1000 times, 20 times, and

2 times, respectively.[11, 120, 157]

74 | 1 1 |

- 107
w [ Pristine calcite E
"‘E M irradiated calcite F
o 10.g Literature data (calcite)
= Apristine dolomite 3
g A |rradiated dolomite E
o 10° T
[
g o
=10 E T 3
=
5
5 10™ & g r
: i
@
[= T

1077 T T T T

w

10 11 12 13 14
Solvent pH (pH units)

Figure 4-4: The dissolution rates of calcite (blue squares) and dolomite (red triangles) as a
function of the solvent pH before (open symbols) and following (solid symbols) irradiation.
The shaded region denotes the range of dissolution rates reported by Plummer et al. (1978),
Busenberg et al. (1986), Chou et al. (1989), Shiraki et al. (2000), and Dolgaleva et al. (2005)

for calcite dissolution under similar conditions (i.e., pH, flow rate, temperature).
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4.3.2. Effect of irradiation on the atomic structure of carbonate minerals

Irradiation can significantly affect the crystal structure of minerals by altering: (i)
coordination numbers, (ii) bond lengths, (iii) bond angles, and/or (iv) their medium-range
order.[11, 120, 157] Such alterations, and defect formation can produce substantial structural
changes, such as the loss of crystallinity, i.e., amorphization. Here, vibrational (FTIR and Raman)
spectroscopy techniques were used to evaluate disordering. The main difference between these
two techniques lies in the nature of molecular bonding that they assess. Specifically, whereas
Raman spectroscopy measures the change in the polarizability of the molecular bond during
vibration, FTIR measures the change in the dipole moment during vibrations.[191] The degree of
structural disordering can be revealed using FTIR from (i) the number and the intensity of peaks,
and (ii) the displacement of a given peak from its reference position.[93] For example,
disordering is associated with a decrease in the number of FTIR peaks, and a shift of their
positions toward lower wavenumbers.

Figure 4-5 shows the FTIR spectra of calcite and dolomite, before and following
irradiation. The FTIR spectra of these carbonate minerals revealed known major peaks at 1435-
1450, 876-881, and 712-730 cm™ and minor peaks at 2530-2550 and 1812-1818 cm™,[192]
which are related to the stretching and bending modes of the COs? groups.[162, 192, 193] The
similarity in the atomic structures of dolomite and calcite is reflected in their FTIR spectra.
Notably, the two major absorption peaks of dolomite (i.e., around 876-881 and 712-730 cm™) lie
between those of calcite and magnesite (MgCQO3).[193] Broadly speaking, the FTIR spectra of
the irradiated carbonates are indistinguishable from those of the non-irradiated samples,

especially for dolomite. Although some minor peak broadening at 876 and 712 cm™ was
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observed in the case of irradiated calcite (see Figure 4-5(a)), it is postulated to be on account of
the ion implantation-induced reorganization of existing defects in the crystal structure,[187]
which could have resulted in the observed reduction in dissolution rate as noted above.
Previously, Nagabhushana et al.[162] showed a trend of reduction in the peak intensity and peak
broadening upon ion implantation in calcite for peaks corresponding to the CO3z® group’s
bending and stretching modes. This was attributed to the breakage of carbonate bond (—C—O-) or
changes in the crystallite size due to irradiation-induced volume expansion.[162] However, it
should be noted that the implantation energy used by Nagabhushana et al. was 100 MeV, which

is almost 3 orders of magnitude greater than what was used in the current study.
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Figure 4-5: Representative FTIR spectra of (a) calcite and (b) dolomite in the 2000-400 cm™*

wavenumber region, before and following irradiation.

The Raman spectra of calcite and dolomite before and following irradiation, are shown in
Figure 4-6. It is noted that similar to the FTIR observations, the positions and intensities of the 6
major peaks that characterize the chemical bonding of the carbonates remained fairly
unchanged.[194, 195] These peaks which are described in Table 4-2 include: a major peak
located at 1085 cm™ (calcite) or 1100 cm™ (dolomite), which reflects the symmetric CO3z*
stretching (v1),[194] two medium peaks at 280 (calcite) / 304 (dolomite) and 154 (calcite) / 179
(dolomite) cm™, which are assigned to external COs% rotational and translational modes,
respectively,[194]and two weak peaks at 710 (calcite) / 725 (dolomite) and 1434 (calcite) / 1445
(dolomite) cm™, which are related to symmetric CO3?* deformation (v4) and antisymmetric COs*
stretching (v3).[196] In addition, a peak located at 1747 (calcite) / 1765 (dolomite) cm™
corresponds to a CO3? internal mode that originates from the out-of-plane COs? ions bending
(v2) .[194, 196] Our data suggest that both the pristine and irradiated materials share similar
chemical bonding modes on their surface, i.e., CO3s?® stretching, rotation, translation, or bending.
Therefore, the results of both the Raman and the FTIR spectra show that irradiation did not
significantly alter the structure of carbonates, consistent with the results of Pignatelli et al.,
which employed cross-sectional transmission electron microscopy / selected area electron

diffraction (SAED).[11]
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Figure 4-6: Representative Raman spectra of pristine and irradiated (a) calcite in the 0-2000
cm™! wavenumber region, and (b) dolomite in the 125-2000 cm™* wavenumber region. The
peaks are essentially similar before and following irradiation. Fluorescence is more obvious
when using a 532 nm laser as typical for a lower wavelength laser source. Although use of a
lower wavelength source induced greater fluorescence, this source probes the depth of the

material corresponding to the zone affected by irradiation.
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Table 4-2: Relevant Raman peak positions and their corresponding vibration modes for calcite
and dolomite. vi denotes the various modes of vibration, wherei =1, 2, 3, 4)

Calcite peaks (cm™?) | Dolomite peaks (cm™) Vibrational mode
154 179 External COs* translational modes[194]
280 304 External CO3* rotational modes[194]
710 725 Symmetric COs? deformation (v4)[196]
1085 1100 Symmetric CO3z? stretching (v1)[194]
1434 1445 Antisymmetric COs* stretching (vs)[196]
1747 1765 Out-of-plane CO3* ions bending (v2)[194]

4.3.3. New insights from molecular dynamics simulations into structure and reactivity
Molecular dynamics simulations provide direct insight into the effects of irradiation
(ballistic impacts) on the structures of calcite and dolomite. For example, first, Figure 4-7(a)
shows the evolution of the density of these two phases upon irradiation. In contrast to the
behavior observed in silicates,[11, 120, 157, 197, 198] irradiation did not result in significant
changes in the bulk densities of the carbonates. In fact, after deposition of 900 x 10'® keV of total
kinetic energy, the simulated densities of calcite and dolomite remained effectively unchanged as
compared to their initial (pristine state) values of 2.71 g/cm?® and 2.89 g/cm?, respectively, in
agreement with previous observations.[168, 190, 199] In contrast, quartz has been shown to
exhibit a 15% decrease in density, and complete amorphization, at the same radiation exposure
conditions.[11] The significant volume expansion, and implied density reduction, that was
indicated via our MD simulations for an incident energy of 1 keV[11] was later found to be an
artifact stemming from an insufficient system size and relaxation time, which resulted in damage
saturation of the system after a small number of high-energy collision cascades. This issue was
avoided in the current study by using a larger system size, as demonstrated by Krishnan et
al.,[171] or a smaller incident energy (600 eV). The electron paramagnetic/spin resonance

(EPR/ESR) studies from Kabacinska et al. [200] indicate that changes in the hardness or elastic
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modulus of materials may arise from electron spinning. Although our MD simulations do not
take electronic behavior into account, the lack of change in the density as ascertained herein does
not contradict the results of Kabacinska et al.[200], e.g., since density does not always scale with
hardness as suggested previously.[201, 202] Furthermore, and in agreement with the vibrational
spectroscopy observations, careful inspection of the simulated atomic structures — following
irradiation — also did not reveal major structural damage in the calcite or dolomite structures. For
example, only subcritical structural modifications (e.g., defect reorganization or distortion) were
observed as indicated in Figure 4-5. As such, the substantial resistance of carbonate minerals to
irradiation can be attributed to the non-directional nature of the ionic bonds (e.g., Ca—O and Mg—
O bonds) in these minerals which can readily recover their initial geometry after radiation
exposure, i.e., cessation of the ballistic cascade.[11] In general, the resistance to radiation-
induced atomic alterations is dominated by the competition between the short-range covalent
bonds (i.e., that induce localized electronic charge between neighboring atoms) and the long-
range ionic bonds (i.e., that produce a collection of electrostatically-charged spherical ions).[203]
As such, following exposure to ballistic collisions, the amount of structural alterations that result
depends on the ability of the system to rapidly recrystallize; a process which is facilitated in
primarily ionic systems which are able to rapidly regain their pristine — most thermodynamically
favorable — structure.[203] This nature of rapid reorganization to the pristine state is hindered in
dominantly covalently bonded systems, since the directional nature of atomic bonds prevents
local structural reorganizations, thereby hindering the tendency for recrystallization resulting in

the accumulation of atomic defects.[203, 204]
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Figure 4-7: (a) The simulated evolution of the density of calcite and dolomite as a function of
the deposited energy, and (b) The transformation of calcite’s atomic structure with increasing

radiation exposure showing the atoms recrystallized (circled) after exposure to radiation.

Coming back to the issue of chemical durability (dissolution rates), recently Pignatelli et
al. and Hsiao et al. have shown that mineral and glass dissolution rates are, to the first order,
controlled by the topology of their atomic networks.[108, 120] Specifically, it has been
highlighted that dissolution rates, for a given solution composition, are determined by the

number of topological constraints per atom (nc, unitless) as represented by an Arrhenius-like

function:[108, 148, 205, 206] D, = Droexp( ) where D,. is the dissolution rate, D, is a rate

constant that depends on the solution chemistry, R is the gas constant, E, is the energy required

to break a unit topological constraint and T is the thermodynamic temperature. As such, the

irr

Dy
variation in the dissolution rates before and following irradiation can be expressed as: - =

~prist
r

ex p( ) where DI and DP™" are the dissolution rates of the irradiated and pristine solute,

respectively, and An, is the variation in the number of topological constraints per atom upon

irradiation.[120] By application of this framework, and from knowledge of the pre- and post-
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irradiation dissolution rates, it is indicated that the limited change in the dissolution rates of
calcite and dolomite, before and following irradiation is likely on account of the small, if any,
change in the number of constraints. This conclusion is unsurprising since the MD simulations
above also indicate that the connectivity (e.g., coordination numbers) of the atomic networks of
calcite and dolomite remained unaffected by irradiation. This analysis confirms that, despite the
small and potentially transient structural changes induced upon irradiation (e.g., distortion of the
carbonate groups), irradiation does not induce significant permanent changes in the structure, and

consequently the chemical durability of carbonates.

4.4. Conclusion

Taken together, by using Ar* implantation as a proxy for neutron irradiation, this study
evaluates the extent of damage that calcite and dolomite—two archetypical carbonate minerals—
experience after irradiation by probing changes in both atomic structure and dissolution Kinetics,
i.e., reactivity. As such, our results highlight that irradiation induces substantially smaller — and
if anything, conservative (i.e., the reactivity reduces) changes — in the chemical durability (i.e.,
mineral dissolution rates) of carbonates as compared to common silicate minerals (i.e., that are
fully polymerized, and in which the silicate-groups are percolating). This can be explained by the
fact that the atomic structures and connectivity of the carbonate phases remain broadly
unaffected by irradiation. This behavior arises from their non-directional ionic bonds, which can
recover their initial geometry after each ballistic cascade. This is why, radiation damage in
carbonates, even if induced presents a reversible character.[188] Because the resistance to
irradiation-induced structural alternation is controlled by the competition between the covalent

bonds and the ionic bonds in the system, the ability for a structure to recrystallize to its
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thermodynamically most favored state depends mostly on its ionic nature. Conversely, this
recrystallization process is hindered in structures that are covalently bonded, whose directional
character inhibit structural reorganizations, thereby retaining structural defects. These
conclusions are supported by our MD simulations which reveal no changes in the atomic
densities of both calcite and dolomite after exposure to irradiation, in an ideal system (i.e., no
impurities or defects),[168, 190, 207] although the sample may indeed experience some form of
defect reorganization that could decrease their aqueous dissolution rates. This is unlike the case
of framework silicate aggregates whose volumetric expansion, change (reduction) in mechanical
properties, and reduced chemical durability render them poorly suited for use in nuclear concrete
construction. This suggests that it would be appropriate to especially prescribe and specify the
use of (solely) carbonate-based aggregates in the design and construction specifications of

nuclear power plants and other relevant facilities.
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Chapter 5 Electric Potential-Induced Dissolution Kinetics of Calcite in Salt

Solutions

5.1. Introduction and Background

The dissolution Kkinetics of mineral is of interest to environmental and geochemical
communities, so the dissolution rates have been measured for such purposes as the study of
sedimentary rock evolution,[208] the pH of sea water,[209] the neutralization of acidic
lakes,[210] and natural weathering processes for decades.[210] One way to control mineral
dissolution and precipitation kinetic is by exploiting electric field to the mineral surface or in the
solvent. The fundamental understanding of potential-induced alteration in dissolution kinetics is
important because it can broadly improve engineering applications. For example, calcite (CaCO3)
acts as an electrolyte material in mineral based fuel cell (i.e., solid oxide fuel cell (SOFCs)),[211]
influences the soil transportation in electrokinetic remediation,[212] and improves the phosphatic
fertilizers manufacturing.[213, 214] As well-known, calcite’s dissolution Kinetic and mechanism
are strongly affected by solvent pH,[183, 215, 216] solution saturation condition,[217] solution
chemistry,[177] temperature.[215, 216] Although it is well accepted that acidic pH,[215, 218—
220] higher electrolyte ionic strength (1),[177] and higher temperature,[215, 216] all increase
calcite dissolution rate, the studies of the electric potential effect to mineral dissolution
enhancement in the presence of electrolytes are still unidentified.

Earlier study, which was focusing on the electrogenerated proton by water hydrolysis
process when applied electric potential into electrolytes, found out that potential-generated
protons acidify local solvent around the anode and thus enhanced the calcite dissolution.[221,
222] Although previous investigators recognized the importance of potential induced proton flux

on the rate of calcite dissolution, they were more focusing on how to generate the simulation
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model, in order to visualize the proton concentration and the diffusive flux of the protons. On the
other hand, the discussion regarding potential-induced ion transportation and potential-altered
electric double layer (EDL) could be interesting, and also need to be taken into consideration.
Since at potentials lower than 1.2 V (i.e., water hydrolysis potential at pH 6.5), where
acidification is excluded, a mechanism that enhances calcite dissolution is by changing the EDL
structure and enhancing the ion transportation. The mineral dissolution is controlled by two
processes that commonly occur in sequence: (1) The dissolution reaction at the interface between
solid and liquid (i.e., surface reactions), and (2) the diffusion of reactive species (i.e., dissolved
ions, ions from electrolyte solutions) in the aqueous phase to and from the interface. Barton et al.
concluded that the dissolution of limestone in sulfuric acid solution in the pH range 2-6 was
controlled by proton diffusion to the surface.[223] Rickard et al. (1983) and Sjoberg et al. (1984)
demonstrated that the rate of surface reaction for calcite dissolution in solutions of intermediate
to alkaline pH can be considered to reaction-controlled.[215, 224] Building on these prior studies,
the present paper provides an analysis of how electric potential affects mineral dissolution,
especially for calcite (i.e., diffusion-controlled at acidic to neutral pH environment).

lon transport in electrolytes under electric potential has recently received increasing
attention for mineral dissolution, therefore it is critical to understand the potential-induced ion
transportation in nanoscale (i.e., within EDL or solutions) or in the bulk solution. In view of this,
the purpose of the present study is to study and investigate the nature of ion transport-induced
mineral dissolution under an electric field. As solid surfaces contact with electrolyte solutions,
the EDL formed. The origin of this EDL is due to the adsorption of ions to mineral surface, and
the ions attracted by the Columbic force from the surface charged sites, in order to maintain the

electroneutrality of the surface.[144, 225] Figure 5-1 schematically illustrates the general
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structure of EDL. If we assumed the surface is negatively charged (i.e., calcite), a layer of
protons or hydroxyl ions in the solution are rigidly adsorbed on the surface, and create a compact
layer of relatively immobile ions, which is also known as Inner Helmholtz Plane (IHP), on the
mineral surface.[144] The excess ions that are attracted by Coulombic force beyond the Inner
Helmholtz Plane (IHP) are able to diffuse and be affected by electric field since those attracted
ions are loosely bonded.[144, 226] For this reason, the movement of ions and the properties (i.e.,
compactness, thickness, surface potential) of the EDL are worth to be discussed and addressed.
Nernst-Planck equation is used to quantify the potential-induced ion transportation (i.e., ion
diffusion) that would potentially affect mineral dissolution. Up to now, a comprehensive
dissolution kinetics theory regarding the effect of the electric potential on minerals is poorly
established.

In this work, we first induce the changes in the ion concentrations in the bulk solution
and the changes in the EDL structure near the solid-liquid interface by varying the solution ionic
strength, and evaluate the effect of such change to the enhanced mineral dissolution, mostly
calcite without applying electric potential. Then, the potential-induced ion transportation was
examined by accessing the calcite dissolution rates under varying solvent pHs and also on
orthoclase (KAISizOg) dissolution (i.e., surface controlled at room temperature),[227] so as to
validate that the dissolution mechanism should be taken into consideration for potential-induced
dissolution rates. The Nernst-Planck equation was used to describe the effect of potential-
induced ion transportation to mineral dissolution.[228] After that, the enhancements of
potential-induced calcite dissolution rates are compared between different solution ionic
strengths (1), since the ion diffusivities are dependent on solution ionic strength (i.e., the solution

viscosity) following Stokes-Einstein Equation.[229] Furthermore, the effect of external potential
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under different temperatures was investigated, in order to examine whether the similar
phenomena happens in all ranges of temperatures, and also help estimate the activation energy
needed for dissolution process under applied potentials. Overall, this work clarifies the external
potential effect to calcite dissolution kinetics under different ionic strength of electrolytes,

solvent pHs and temperatures.

Potential

Bulk Solution

" Distance
Solid surface

Figure 5-1: Hllustration of the electrical double layer (EDL) near the mineral surface (i.e.
calcite). The inner Helmholtz plane (IHP) is the plane cutting through the center of the
chemically adsorbed species, and the outer Helmholtz plane (OHP) is the plane cutting
through the closest ions that is attracted. The concentration of ions in the diffuse layer

decreases as the distance departs away from the surface, and the zeta potential () is defined as
the potential difference between OHP and the bulk solution. The ions beyond OHP are able to

move freely.

5.2. Materials and Methods

5.2.1. Materials
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Pure natural Iceland spar calcite was sourced from Ward’s Science Company.[230] The
bulk samples were powdered using ball mill and successively sieved through the No. 140 sieve
(106 pm). The particle size distributions (PSDs) of the calcite particulates were determined by
static light scattering (SLS, LS13-320, Beckman Coulter).[231] The mixture of isopropyl alcohol
(IPA) and calcite particulates was ultrasonicated for 30 seconds prior the measurements to ensure
the solids are well suspended. The particle size analysis indicates a median diameter (dso) is of
101.10 pm, and the specific surface area (SSA) of calcite was calculated to be 244.90 cm?/g.

The selected concentrations of electrolyte solutions (0.001, 0.01, 0.1 and 1 M) used for
dissolution experiments were prepared by adding reagent grade sodium chloride (NaCl) into
Milli-Q deionized (DI) water (>18 MQ-cm) and adjusted to the desired pH (pH 4, 8 and 10) with
hydrochloric acid (HCI) and sodium hydroxide (NaOH), respectively. The solution pH was
measured using a ThermoFisher Scientific Orion Versa Star Pro pH Benchtop Multiparameter

Meter calibrated over 2 <pH <13 at22 +1 °C.

5.2.2. Zeta potential measurement

The zeta potential measurements were carried out by first suspending 1 g of calcite
particulates (dso ~ 100 um) in 100 mL DI water mixed with saturated calcite solution to prevent
further dissolving during measurement, and 0.5 mL of the suspension was added into 100 mL
NaCl electrolyte solutions with the selected ionic strength of 0.001, 0.01, 0.1 and 1 M NaCl. The
test solutions were ultrasonicated for 1 minute before which 1.5 mL of suspension was placed
into a cuvette for zeta potential measurement. The zeta potentials were measured using a

ZetaPALS Potential Analyzer from Brookhaven Instruments Corp.[127] For each measurement,
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10 replicates were obtained and then averaged to obtain representative data. The value presented

here was at least repeated for 3 times, thus 30 points were measured.

5.2.3. Measuring calcite dissolution rates using inductively coupled plasma — optical emission
spectrometry (ICP-OES)

To investigate the electrical potential effect on mineral dissolution, 3—electrode system
attached with a potentiostat (VersaSTAT 4, Princeton Applied Research)[232] was adopted. The
working electrode is a platinum (Pt) wire (probe radius: 0.5 mm, length: 32 mm, CH Instruments,
Inc.),[233] reference electrode is a Ag/AgCl wire (probe radius: 0.5 mm) in a 4 mm diameter
glass tube containing 1 M potassium chloride solution (CH Instruments, Inc.),[233] and the
counter electrode is a steel foil with the dimension of 1 cm x 3 cm. The working electrode and
reference electrode were aligned and the distance between is set to 0.5 cm. lllustration of the
experimental setting system is shown in Figure 5-2.

For dissolution experiments, the 100 mL jacketed reaction beaker was connected to water
circulating bath (Polyscience)[234] to sustain the experimental temperatures (20°C, 40°C and
60°C). 0.1 g calcite was uniformly dispersed in 50 mL NaCl solution (solid-to-liquid ratio of
1:500) with the 3 electrodes (working, reference and counter electrodes), and afterwards a
constant potential of 0, 0.001, 0.01, 0.1, 0.2, 0.3, and 0.4 V versus reference electrode were
applied during the total dissolution duration (12 min for calcite and 2.5 hours for orthoclase).
The initial dissolution rates of minerals were determined from the slope of dissolved ions
concentrations (e.g. Ca for calcite and Si for orthoclase)-time curve from 0 to 12 minutes (or 2.5
hours) using inductively coupled plasma-optical emission spectrometry (ICP-OES, PerkinElmer

Avio 200) in axial view,[235] and then normalized by the initial surface area that is determined
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by static light scattering. The solvent solutions were collected every 3 minutes (i.e., 0, 3, 6, 9 and
12 minutes of reaction) for calcite, or every 0.5 hours (i.e., 0.5, 1, 1.5, 2 and 2.5 hours of reaction)
for orthoclase. A small quantity (~1.2 mL) of the solution was passed through 0.2 pum nylon
syringe filter, and later diluted 2x with 5% by volume nitric acid for ICP-OES analyses. For each
tested condition, at least 3 replications were obtained. In order to compare with the electric
potential-induced dissolution rates, a set of controlled experiments (i.e., dissolution rates
measured without potential in selected electrolyte concentrations) were designed and conducted.
In addition, thermodynamic simulation (i.e., solution saturation index (SI), solubility product
constant (Ksp)...etc.) were conducted using PHREEQC, and suggesting that all the solutions are
undersaturated during the dissolution process with respect to calcite phases. Sl calculated using
PHREEQC simulation by inputting the final ion concentration in solvents measured using ICP-
OES were all around the value of -5, which are then suggested to be within transition equilibrium
state (-60 kJ/mol < AG < -25 kJ/mol). Though the solution does not maintain in far from
equilibrium state at the end of measurement due to the rapid carbonate dissolution, we make sure
the solution does not end up in near-equilibrium condition to filter out the influence of solution
when applied electric potential. In our experimental setting, the dissolution of the minerals

results in a maximum increase in the ionic strength of 0.01 M under applying electric potential.
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Ag/AgCl reference electrode ,Ptelectrode

Water bath outlet
Potentiostat

) Water bath inlet

Figure 5-2: An illustration of the experimental setup (3-electrode system with a potentiostat).

Water bath

Calcite particles

The working electrode is a Pt wire, reference electrode is a Ag/AgCl wire in a glass tube
containing 1 M KCI solution, and the counter electrode is a sheet of steel foil. The water bath

is applied to sustain the experimental temperature (e.g. 20°C, 40°C and 60°C).

5.3.  Results and Discussion
5.3.1. The effect of ionic strength on calcite dissolution kinetics

By varying the solution ionic strength, we noted that calcite dissolution rates increased a
factor of 2.2 (see Figure 5-3(a)) at 1 M NaCl. Since NaCl is fully dissociated in aqueous
solutions, adjusting its concentration influences calcite dissolution mainly through the solvent
ionic strength (1).[236] Rickard et al. previously measured the calcite dissolution rates in
different ionic strengths of KCI and NaCl solutions, and suggesting that calcite dissolution rate is
determined by the ion activities in the solutions (i.e., solution saturation state) using the equation

of

Rate = KA(|/Kgp-{Ca**}°5{C05}°®) Eq. (5-1)
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, where k is the rate constant, A represents the surface area, K, stands for the solubility product
constant of calcite (e.g. log(Ks,) = -8.46 at room temperature calculated from PHREEQC

simulation),[87] and {Ca?*} and {C02~} are the activities of Ca?" and COs%* in the bulk
solution.[224] The ionic strength influences the activities of each type of ions individually and
thus the calcite dissolution rates. As the activities of Ca** and COs* decreased with ionic
strength, the difference between /K, and {Ca**}°3{C03~}*° becomes greater in higher ionic

strength solutions, which generate a larger driving force for dissolution process.[236] From our
calculation using PHREEQC, with the pitzer.dat database, the activities of Ca?* and COs? in
NaCl electrolytes with the ionic strength range of | = 0.0 to 0.1 M decreased from 1.11x10* to
9.45x10™ for Ca?*, and increased from 3.75x10™ to 4.42x107° for COs%, respectively. The ion
activity coefficient (y) for Ca?* and COs? are also suggested to decrease with ionic strength.[237]
According to Eq. 1, this range of ionic strength (e.g. 0 to 0.1 M) is equivalent to a rate
enhancement of 2%, which is lower than our experimental results (i.e., more than 2 times higher
at 0.1 M than 0 M). As a result, the ion saturation state (i.e., ion activities from the bulk solvents)
may not be sufficient to fully explain the enhancement in dissolution rates when increasing ionic

strength in Figure 5-3(a).
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Figure 5-3: (a) Dissolution rates and the (b) zeta potential of calcite measured in NaCl
solutions with the presence of 0.001 to 1 M NaCl at room temperature, showing that the trend
of calcite dissolution rates follows the evolution of zeta potential of calcite particles in varying

ionic strength (1) of NaCl solutions.

Besides, altering the solution ionic strength influences the structure and the interactions
of ions inside the EDL of calcite as well. The influence of ionic strength on the EDL can be
inferred from zeta potential measurements. We observed that the absolute value of our measured
zeta potential decreased with solution ionic strength from -18 mV at 0.001L M to -5 mV at 1 M,
similar to previous measurements (i.e., -14 mV at 0.04 M NaCl and -4 mV at 3 M NaCl from
Mahrougi et al.).[238, 239] The published zeta potential on calcite are not consistent, and the
large discrepancy of the previous measured value (i.e., magnitude and the sign of the zeta
potential) depends on the measurement conditions (i.e., streaming potential or static potential)
and the source of materials.[240] The larger error bar in higher ionic strength (1 M) from our
measurement (Figure 5-3(b)) is due to the short Debye length. The Debye length is crucial when
measuring zeta potential, especially in high ionic strength, the compression of the diffuse layer in

high ionic strength solution makes it harder to determine the spatial distribution and
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concentration of the ions in the EDL.[241] Unlike in silica, the zeta potential-determining ions
for calcite are not protons (H*) or hydroxyl ions (OH"), but Ca?*, COs?>, HCOs™ and H2COz° in
the solutions.[242] At the solid-liquid interface, ions are chemically bonded to the surface sites,
and create surface sites such as CaOH,*%°, CaOH™®, or CO3?%, which are the species affecting
the value of the zeta potential for calcite. Zeta potential decreases in magnitude with increasing
concentration of ions such as Na* or CI, reflecting a shrinkage of the thickness of EDL.[238,
243] From the discussion above, the crowding of both anions and cations in the EDL in high
ionic strength solution increases the interaction between ions, as shown in Figure 5-4. A large
volume of ions is attracted on the mineral surface, resulting a more compact EDL and a smaller
absolute value of the zeta potential (Figure 5-4). The reduction in zeta potential is well in
agreement with the reduction in particle stability, which eases aggregation to happen.[244]
Although the zeta potential value we obtained are all within the range that particles are likely to
aggregate (-30 mV < { < +30 mV), the attraction force between particles are greater in higher
ionic strength solution.[245] Under this circumstance, the greater driving force at high ionic
strength solution increases the mobility of calcite particles that would further enhance the calcite
dissolution rate (e.g. mass transport controlled). On the other hand, ions in a dilute solution have
less interaction and tend to disperse uniformly, so a thicker diffuse layer of the EDL persists. To
sum up, increasing ionic strength results in dissolution rate enhancement through increasing

undersaturation, and destabilization of the EDL.
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Figure 5-4: Illustration of calcite surface in low and high ionic strength NaCl solutions. Part
of the ions are specifically adsorbed on the calcite surface at the inner Helmholtz plane (IHP,
yellow region). The ions (Na*, CI") locate beyond IHP are attracted by the surface charge by
Coulombic force only, which are moveable as applying electrical potential. Model is taken
from Stipp et al. for surface speciation and Bazant et al. for the structure of EDL.[242, 246]

(Shown in the schematic are Na* (purple), CI- (green), surface adsorbed ions layer (yellow).)

5.3.2. Effect of applied potential on surface- and transport-controlled dissolution

The effect of applied potential was then investigated by fixing the solution ionic strength
at 0.01 M and altering the solvent pH from 4 to 10. The alteration of calcite’s EDL structure by
varying the solvent pH is assumed to be relatively negligible, since the published calcite’s zeta
potential within this pH range (pH 4-10) are less than 10 mV,[247] and the corresponding calcite
dissolution rates to this range of zeta potential are around 2.2x (e.g. measured from Sec. 3.1),
which is much less than the calcite dissolutions that varies by solvent pH from 4 to 10. Calcite
dissolution rate increased about one order of magnitude from pH 4 to pH 6.5. From Figure 5-5,

we noted that dissolution rates of calcite are stimulated by external electric potential in acidic to
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neutral pH environment (pH 4-6.5), while the rates remain constant in pH 10. Within this pH
range, calcite dissolution is considered as mass-transport controlled (pH 4) and mix-kinetic
controlled (pH 6.5),[215, 248] therefore, the potential-enhanced ion transportation (i.e., ion flux)
in the electrolyte is able to increase calcite dissolution rates.[249] On the other hand, calcite
dissolution remains constant at pH 10, due to the interface-controlled dissolution at solvent pH

higher than 8.[183, 250]
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Figure 5-5: The logarithm dissolution rates of calcite and orthoclase across a wide range of
applied electric potential at pH 4, 6.5 and 10, showing that only the calcite dissolution rates at
acidic to neutral regime are increased (i.e., mass diffusion controlled), whereas adding
electrical potential does not influence calcite dissolution rates at pH 10, and the dissolution

rates of orthoclase (i.e., surface reaction- controlled).

The general principles of mass transfer theory are based on the existence of a diffusion
boundary layer. A concentration gradient is confined to the boundary layer, and the mass transfer

rate is approximately proportional to the concentration difference across the boundary layer.

J = le(ep = c5) Eq. (5-2)
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, Where j equals to ion diffusion flux density, k; is the mass transport constant, and c,, c, are the
concentration at the bulk and surface in the solution. For dissolution from a surface of area A
into a fluid of volume V, mass balance dictates that the rate of change of concentration (c) in the
bulk solution is
& _4; Eq. (5-3)
The ion motion can be estimated using “Nernst—Planck equation”, as expressed in
Equation (5-4). lon diffusion flux density (j) is determined by both the gradient of ion
concentration gradient and the electric field (i.e., the first and the second term on the right-hand

side of Equation (5-4), respectively). The second term, electric field (E = —V¢), is added to

represent the electrostatic force that is caused by the external electric potential.[228]

j==[DVe+2ZZEc(ve)] Eq. (5-4)

kgT
, Where D is the ion diffusivity, z is the valence of ionic species, e is the elementary charge, ks is
the Boltzmann constant, and T is the temperature. Equation (5-4) is based on the assumption of
fluid velocity equals to zero (i.e., only the motion of ion species) and the external electric
potential is steady state.[228] From the Nernst-Planck equation, we noted that ion flux (j) is
proportional to the external electric field (E = —V¢). Additionally, we noted that the ion flux is
proportional to mineral dissolution rate from Equation (5-3). Therefore, greater ionic flux
stimulated by electric potential may enhance the dissolution rates, and also the motion of ions
(i.e., potential-induced ion flux). Besides, the extent of the potential-induced ion transportation
speed in the electrolyte follows the same trend of the voltage generated by the electric field in
our study. The calcite dissolution rates are greater at 0.4 V than 0.1 V (Figure 5-5). During

surface-controlled dissolution (pH 10), calcite dissolution rates in the alkaline solutions (pH 10)
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are not influenced by external electric potential.[248, 251] A similar observation (i.e., non-
changing dissolution rates as electric potential) was obtained for orthoclase (KAISizOs), see
Figure 5-5, a mineral of moderate dissolution rate compared to quartz (SiO2) and which also
features a surface-controlled dissolution at pH 6 under room temperature.[227] As a result,
alternating the external potential simply affects the ion mass transport in the liquid, and suggests
that silicate dissolution rates which are controlled by surface reactions, are not affected. However,
the potential induced ion motion depends also on the ionic solution, solution viscosity, and

solution temperature as well, which will be discussed in detail later (Sec. 3.3 and Sec. 3.4).

5.3.3. Effect of ionic strength on potential-enhanced transport-controlled or mix Kkinetic-
controlled dissolution
In Figure 5-6(a), the measured calcite dissolution rates are plotted as a function of E
based on the relationship between the ion flux (j) (i.e., dissolution rate) and the electric potential
(E) by using Equation (5-3) and (5-4). We observed that calcite dissolution rates did not
significantly affected by applied potential over the range of 0.001-0.01 V for a fixed I (not
shown in Figure 5-6(a)), whereas increased dramatically as the electric potential starting from
0.1 V at all NaCl concentrations (e.g. 0.01-1 M, Figure 5-6(a)). In addition, although calcite
dissolution rates generally increased with electric potential, the extent of enhancement of calcite
dissolution rate (i.e., ratio of dissolution rates at 0.4 V to 0.1 V) decreased with solution ionic
strength (Figure 5-6(b)). That is, the potential induced dissolution rate is more dramatic in
solution with lower ionic strength (0.01 M) than in the one with higher ionic strength electrolyte
(1 M).
In Figure 5-6(b), the dissolution rate enhancement is plotted as a function of ion

104



diffusivity, which is calculated using “Stokes-Einstein Equation” (Equation (5-5))[229] under

each specific solution ionic strength.

__ kpT
- 6mnsR

Eq. (5-5)
, Where kg is Boltzmann constant (1.38x102® m?-kg/s*K), n stands for solvent viscosity (e.g.
NaCl solution), R corresponds to solute radius (i.e., average ion radius Na* and CI" = 0.142 nm),
and T is the temperature. The viscosity values of NaCl solution (i.e., from 0.01 M to 1 M) are

attained from Ozbek et al., in which the published data shows that the relative solution viscosity

(n,) increases with the NaCl molarity (M) (e.9. n, = 1+ AVM + BM + CM?, A, B, C are
temperature dependent coefficients),[252] and is assumed not to alter over time during calcite
dissolution. Since a stronger ionic strength solution results in a higher solution viscosity and a
lower ion diffusivity, we noted that the calculated ion diffusivities decrease around 1.7x as the
solution molarity increased one order of magnitude for the case of NaCl (i.e., the x-axis in Figure
5-6(b)). The calculated diffusivities are 2.0x107 m?/s at 0.01 M, 1.2x107 m?/s at 0.1 M, and
6.0x10® m?/s at 1 M, which is a factor of 2.89x (e.g. 1.7x1.7) decrease in diffusivity from 0.01
M to 1 M. Moreover, the dissolution rate enhancement under different solution ionic strength is
perfectly aligned with the calculated ion diffusivity, as shown in Figure 5-6(b). Looking back
into the Nernst-Planck equation (Equation (5-4)), if the comparison of the same applied potential
is made, the potential-induced ion flux is proportional to the ion diffusivity that is controlled by
the solution ionic strength. As a result, smaller ion diffusivity that is induced by ion crowding in
high ionic strength electrolyte decays the dissolution rate enhancement while applying electric

potential.
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KCI reference electrode) at varying ionic strength solution, showing that significant increase in

dissolution rates take place in 0.01 M NaCl solution, whereas the dissolution rates increase

slowly in 1 M NacCl electrolytes. The initial solvent pH is measured to be around 6.3, which is

suggested to be in mixed kinetic regime. (b) The dissolution rate enhancements of calcite with

varying calculated diffusivity that is controlled by ionic strength (i.e., solution viscosity),

showing that adding electric potential affects low ionic strength solution greater.

5.3.4. Temperature-dependence of rate enhancement

In Figure 5-7(a), we observed that the calcite dissolution rates increased more than one

order of magnitude as applied potential under room temperature at the potential of 0.4 V.

However, the electric potential influences greater at room temperature than in high temperature,

and the calcite dissolution rates even remain constant under high temperature. By combining

Equation (5-4) and (5-5),

J
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the temperature is only controlling the first term on the right-hand side of Equation (5-6). As the

temperature increases, the ion flux that is induced by electric potential decreases, because the

first term on the right-hand site (e.g. (%)Vc) in Equation (5-6) will be the dominant term that

contributes the ion flux at high temperature, not the electric potential. Therefore, this may be the
reason why potential effect is less noticeable in high temperature. Accordingly, applied electric
potential to mass transport-controlled mineral dissolution process potentially provides energy
(e.g. driving force) to increase the motions of ions. However, the energy contributed by electric
potential is limited compared to the temperature effect, so the rate enhancement by applied
potential not significant at high temperature.

We also observed that the equivalent calcite dissolution rates at an extreme acidic (pH 2
HCI) and high temperature (60°C) conditions when applied electric potential. Under these two
circumstances, where calcite dissolution rates are highly regarded as mass-transport
controlled,[248] further supporting that once the ion transportation speed is fast enough (i.e.,
thermal energy provided by temperature), the calcite dissolution rates are not influenced by
external electric potential. Although the calcite solubility is suggested to decrease with
temperature (i.e., Ksp changes from -8.45 (20°C) to -8.76 (60°C) from PHREEQC
simulation),[253, 254] the saturation indexes (SI) calculated using PHREEQC using the
concentrations of dissolved ion species are ranging from -4 to -5.33, indicating that the solutions
are still under saturation. In addition, the corresponding Gibbs free energies (AG) are ranging
from -30 to -25 kJ/mol as the temperatures varying from 20°C to 60°C, thus suggesting the
dissolution process is within transition equilibrium state range.[89]

The activation energies (Ea) were acquired by fitting the measured potential-induced

calcite dissolution rates with a range of temperatures using Arrhenius relation (Figure 5-7),[255]

107



which provides insights regarding the energy needed for potential-induced dissolution process.
The calculated activation energy at 0 V (Ea = 47 kJ/mol) is in agreement with the literatures,[215,
251] whereas decreased with external potentials (0.1, 0.2, 0.3 and 0.4 V) as shown in Figure 5-
7(b), the value reduced from 46 kJ/mol to 26 kJ/mol, which is more than 40 percent. Though no
further evidence showing how the activation energy decreased when applied electric potential at
room temperature, the fact that applied potential to electrolyte suspension ease the calcite
dissolution reaction is demonstrated, and the activation energies needed to initiate dissolution

process are measured to be reduced.

13 N T B 50 1 1 1 1 1
i Calcite, 0.01 M NaCl | s .0
IS, _E "...
A4 e - 5404 -
S i~ ..
E -1 ‘l.\‘-_m B o < -‘-_ &
NE e B w &
£ 15 o8-S = 30 -
R L N 5 o
£ “:“\\ @ Tl g
g 16 Q@\\ = 520 -
£ 1eov, E=46.06kimolld. >~ 2
A7 04V,E =3543kdimol|~ | T 10 - ~
|lo 0.3 v, E, =31.85 kJ/mol =
O 0.4V, E, =26.44 kJ/mol & Calcite, 0.01 M NaCl
-18 —T1 T T T T 0 T T T T T
2.8 3 3.2 3.4 3.6 01 0 01 02 03 04 05
1000/T (1/K) Potential (V vs. Ref.)
(a) (b)

Figure 5-7: (a) Calcite dissolution rates with temperatures 20°C, 40°C and 60°C under
external potential (from 0 V to 0.4 V), indicating that electric potential affects significantly at
room temperature. The solvent pH is measured to be around 8.2—8.4 during the dissolution
process. (b) The activation energies (Ea) calculated from Figure 5-7. (a) decrease with the

external potential.

5.4. Conclusion
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This study demonstrates that electric potential has significant effect on calcite dissolution
in electrolyte solutions at the salt concentration lower than 0.1 M at room temperature. Calcite
dissolution rate depends on ion diffusion (i.e., mass transport—controlled) below pH 8. Applied
electric potental is able to alter the ion transportation, while the extent of dissolution rate
enhancement is controlled by solution ionic strength. Calcite dissolution rates with varying
solvent pH shows that calcite dissolution rates are simply influenced at low pH, and remain
constant at high pH. In addition, the silicate dissolution rates under the same applied potential as
calcite were assessed, it’s dissolution kinetic does not altered by potential since its’ rates is
controlled by surface reaction at room temperature. For calcite, we also ascertain that the
potential effect is significant in low ionic strength electrolyte compared to high ionic strength
due to the ion crowding effect in the EDL, which caused lower diffusivity and higher viscosity.
Moreover, the activation energy of the calcite dissolution decreases with the voltages of the
electrical field, indicating that stimulating the suspension using potential actually eases the
dissolution process. These findings are generally applicable to enhance mineral dissolution if
their dissolution process is known as diffusion-controlled such as for most of the carbonates.
This has implications on developing new method for accelerating mineral dissolution rates in

applications such as electrokinetic remediation or mineral based fuel cell.
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Chapter 6 Summary and Future Work

6.1. Summary and Conclusions

The primary objective of this dissertation is to clarify the effect of irradiation (i.e., in the
form of Ar" ion implantation), and electric potential to mineral’s chemical reactivity (i.e.,
dissolution rates were measured by using VSI and ICP-OES in this study). The irradiation-
induced alterations in atomic structure and chemical reactivity are investigated for silicates and
carbonates, which are typically found in aggregates used in nuclear power plant (NPP) concrete.
In this work, we have shown that the radiation damage on the atomic structures of silicates such
as quartz or albite (i.e., highly polymerized silicates) are more severe than in carbonates, i.e.,
calcite and dolomite. This can be explained by the fact that the atomic structures and
connectivity of the carbonate phases remains broadly unaffected by irradiation. This behavior
arises from their non-directional ionic bonds, which can recover to their initial geometry after
each ballistic cascade. Further, we have demonstrated that mineral dissolution rates are strongly
correlated with the alteration in atomic structure and the rigidity of the structural network as
defined by the change in the number of constraints per atom, Anc (see Table 6-1).

Smaller enhancements in dissolution rates are observed for the other silicates: anorthite,
and almandine. This can be explained by the presence of cations including Na, Al, Ca, and Fe,
and results in a relative decreased percentage of covalent bonds and increase in ionic bonding.
The unique behavior of almandine can be explained by its crystallographic structure as well.
Indeed, unlike albite, anorthite, and quartz wherein the silicate tetrahedral groups are arranged in
a three-dimensional framework structure, almandine comprises silicate groups that are isolated
from each other. Our experimental data suggest that the degree of connectivity of the structure,

i.e., degree of polymerization, affects the mineral’s susceptibility for structural alterations.
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Specifically, a higher extent of polymerization results in a higher degree of radiation damage due
to the higher packing density, which favors radiation-induced structural changes.

The outcomes of the study have important implications on the selection of aggregates in
concretes for nuclear power plant applications, and thus reveal that silicate minerals are expected
to dissolve incrementally faster after irradiation. However, irradiation induces a substantially
lower degree of alteration in both the structure and reactivity of carbonates as compared to
common silicate minerals—particularly those silicates that feature a framework structure (i.e.,
that are fully polymerized). Although the reaction products (i.e., ASR gels) generated from both
alkali-silica reaction (ASR) for siliceous aggregates or alkali-carbonate reaction (ACR) for
carbonate aggregates are expansive, the comparisons of their expanding rates are still unclear.
Commonly, the dissolution rates of silicates are around 2-to-3 orders lower than those of
carbonates. Hence, in the absence of any irradiation exposure, selecting silicate aggregates may
be more appropriate. In contrast, in the case of prolonged neutron radiation exposure, selecting
carbonate-rich aggregates (i.e., limestone) over silicate aggregates (e.g., quartz or albite) may be
beneficial in minimizing its degradation. Importantly, this consideration will also need to be
compared to the respective volume expansions that can also induce cracking and affect the

concrete’s structural integrity.

Table 6-1: Summary of all the work done for irradiated mineral aggregate dissolution.
Crystallographic | Chemical Anc Dr [T3]
structure composition | [T2]
Carbonate Calcite Trigonal (R3c) CaCO3 0 Nearly unchanged
Dolomite Trigonal (R3) CaMg(CO0a)2 0 Nearly unchanged
Silicate Quartz Trigonal (P321) SiO, -0.617 | Increased 10° times
Albite Triclinic (C1) NaAlSisOg | -0.307 | Increased 15-20 times
Anorthite Triclinic (P1) CaAlLSiOg | 0.113 | Slightly increased 1.3-
1.5 times
Almandine Cubic (1a3d) FesAl>Sis012 | -0.650 | Increased 1.5-2 times
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In Chapter 5, this study demonstrates that electric potential has significant effect on
calcite dissolution in electrolyte solutions at the salt concentration lower than 0.1 M at room
temperature. Calcite dissolution rate depends on ion diffusion (i.e., mass transport—controlled)
below pH 8. Applied electric potential is able to alter the ion transportation, while the extent of
dissolution rate enhancement is controlled by solution ionic strength. Calcite dissolution rates
with varying solvent pH shows that calcite dissolution rates are simply influenced at low pH, and
remain constant at high pH. In addition, the silicate dissolution rates under the same applied
potential as calcite were assessed, it’s dissolution kinetic does not altered by potential since its’
rates is controlled by surface reaction at room temperature. For calcite, we also ascertain that the
potential effect is significant in low ionic strength electrolyte compared to high ionic strength
due to the ion crowding effect in the EDL, which caused lower diffusivity and higher viscosity.
Moreover, the activation energy of the calcite dissolution decreases with the voltages of the
electrical field, indicating that stimulating the suspension using potential actually eases the
dissolution process. These findings are generally applicable to enhance mineral dissolution if
their dissolution process is known as diffusion-controlled such as for most of the carbonates.
This has implications on developing new method for accelerating mineral dissolution rates in

applications such as electrokinetic remediation or mineral based fuel cell.

6.2.  Future works
By applying the topological constraint theory (TCT), the mineral dissolution rate can be
estimated by using a mineral kinetic model, which is similar to the format of Arrhenius relation,

that is proposed by Pignatelli et al. (see equation below):

D, = Drpexg - | Eq. (6-1)
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, where n¢, R and T are the number of constraints, the gas constant and the temperature in Kelvin,
respectively, Dg, stands for the pre-exponential factor, which is simply related to solution
chemistry, and Eo is the energy required to break one number of constraints. This equation can be

considered and discussed from two different perspectives. The dissolution constant, Dgg

depends only on solution phase chemistry, whereas the second part of the equation, exp[— nICQ'IE'O j

is determined by the solid material properties (i.e., atomic network, hardness...etc.). In order to
further validate this model, additional experiments with broader ranges of materials and solution
compositions are required, since parts of the correlation between the equation parameters and
environmental conditions are still unidentified. The energy needed to break one constraint (nc)

was determined as E, = 25.5kJ/mol for silicate minerals at this point, however, this value my

alter from materials to materials. Further measurements on a variety of minerals would probably
provide detailed evidence to evaluate and modify this model.

The future study can address the following questions in order to generate a more
comprehensive dissolution kinetics model that can cover most of the dissolution cases: (1) How
will the Eo change from minerals? What material properties affect the most? To determine the
value of Eo, material properties have to be quantified, and is the proposed number of constraint
(n¢) enough to cover most of the materials? Also, there is even less information about how Dro
evolves as the function of solution chemistry. Hence, developing a mineral dissolution kinetic
model which can explain the effects of both the material and the liquid solution is necessary and
challenging. The proposed future work can be divided into several parts, and the this kinetic

model can be improved by further discussion: (1) The effect of structure and composition, (2) the
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effect of disordered (i.e., non-crystalline) structure, (3) the effect of heterogeneous dissolution,

and (4) the effect of Solution chemistry on dissolution reactivity.
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Appendices

e Appendix A (Surface topography change assessing by vertical scanning interferometry)

The dissolution rates of pristine (non-implanted) and irradiated (implanted) albite
surfaces were measured using vertical scanning interferometry (VSI), from which quantifications
of sub-nanometer alterations of surface height can be obtained. Surface topography parameters
(i.e., surface roughness (Sa), surface average height (Ah)) were determined for the unreacted and
reacted areas on the surface. The dissolution rates were obtained by dividing the difference in
average heights between the reference area (unreacted) and sample area (reacted) by the reaction

time (At). The analysis of the VVSI data was carried out using Gwyddion (version 2.47).

0 pm

(@) (b)

Figure A: Representative VSI images of: (a) pristine albite, and, (b) irradiated albite, showing

distinct average height differences between the unreacted and reacted areas of the surface after
10 days and 8 days of dissolution, respectively. The boundary between these two areas is given
by the dashed red line. The surface roughness (Sa) of pristine and irradiated albite is similar as

observed by VSI.
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A section on the albite surface was covered by an inert silicone mask (Silicone Solutions
SS-38) to preserve an unreacted part of the surface, which serves as a reference location to assess
the average height change. The mask was peeled off after every measurement and then reapplied
at the same position before resuming reaction of the sample with the solution. The mask was
found to adhere well to the surface, and the solution did not penetrate under the silicone mask as
would be apparent from peeling/swelling of the mask, which was not observed. As shown in
Figure A, the boundary between the reacted and unreacted areas remained sharp after extended

times (up to 10 days) of exposure to the solution.

e Appendix B (The dissolution rates of irradiated and pristine albite across a range of pH
and temperature)

Dissolution rates were measured for 2 temperatures (25°C and 45°C) and 3 solution pH

levels (pH 10, pH 12 and pH 13). Specifically, 0.1 mM NaOH (pH 10), 10 mM NaOH (pH 12)

and 100 mM NaOH (pH 13) were selected to simulate the alkaline conditions offered by the pore

solution in concrete. In general, the dissolution rates of irradiated albite are about 20 times higher

compared to pristine albite, over the entire range of temperature and pH studied herein, as shown

in Figure B and Table B below.
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Figure B: The dissolution rates of pristine (solid blue triangles) and irradiated (open red
triangles) albite at: (a) pH 10, 45°C, (b) pH 12, 45°C, and, (c) pH 13, 25°C, showing a general

enhancement in dissolution rates after radiation, by a factor of about 20.

Table B: The dissolution enhancement ratios (DERS) of irradiated albite as compared to
pristine albite upon dissolution in NaOH solutions of different pHs at 25 and 45 °C.

DER=D" | D" pH 10 pH 12 pH 13 Average
25°C 22.45 +17.62 19.77 £ 5.60 14.49 + 2.73 16.77 + 3.52
45°C 14.15+£7.99 13.98 + 8.37 15.79 £ 9.87

e Appendix C (Selected environmental conditions for the electric potential induced

dissolution experiments)

Table C: Selected environmental conditions for the experiments to demonstrate the effect of
external potential to mineral dissolution rate. (A group is for examining the effect of ionic
strength to dissolution rates without external electric potential, B group is designed for
potential induced dissolution rates measurement, C set is designed for varying solvent pH, D
corresponds to evolving temperatures, and E is related to orthoclase dissolution
measurements.)

Sample . Solvent Temperature External electric

Number JErrE g n (M) pH (°C) potential (V)
Calcite-A-1 0.001 8.0 20 0
Calcite-A-2 0.010 8.0 20 0
Calcite-A-3 0.100 8.0 20 0
Calcite-A-4 1.000 8.0 20 0
Calcite-B-1 0.010 8.0 20 0
Calcite-B-2 0.010 8.0 20 0.001
Calcite-B-3 0.010 8.0 20 0.010
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Calcite-B-4 0.010 8.0 20 0.100
Calcite-B-5 0.010 8.0 20 0.200
Calcite-B-6 0.010 8.0 20 0.300
Calcite-B-7 0.010 8.0 20 0.400
Calcite-B-8 0.100 8.0 20 0
Calcite-B-9 0.100 8.0 20 0.001
Calcite-B-10 0.100 8.0 20 0.010
Calcite-B-11 0.100 8.0 20 0.100
Calcite-B-12 0.100 8.0 20 0.200
Calcite-B-13 0.100 8.0 20 0.300
Calcite-B-14 0.100 8.0 20 0.400
Calcite-B-15 1.000 8.0 20 0
Calcite-B-16 1.000 8.0 20 0.001
Calcite-B-17 1.000 8.0 20 0.010
Calcite-B-18 1.000 8.0 20 0.100
Calcite-B-19 1.000 8.0 20 0.200
Calcite-B-20 1.000 8.0 20 0.300
Calcite-B-21 1.000 8.0 20 0.400
Calcite-C-1 0.010 4.0 20 0
Calcite-C-2 0.010 4.0 20 0.100
Calcite-C-3 0.010 4.0 20 0.200
Calcite-C-4 0.010 4.0 20 0.300
Calcite-C-5 0.010 4.0 20 0.400
Calcite-C-6 0.010 10.0 20 0
Calcite-C-7 0.010 10.0 20 0.100
Calcite-C-8 0.010 10.0 20 0.200
Calcite-C-9 0.010 10.0 20 0.300
Calcite-C-10 0.010 10.0 20 0.400
Calcite-D-1 0.010 8.0 40 0
Calcite-D-2 0.010 8.0 40 0.100
Calcite-D-3 0.010 8.0 40 0.200
Calcite-D-4 0.010 8.0 40 0.300
Calcite-D-5 0.010 8.0 40 0.400
Calcite-D-6 0.010 8.0 60 0
Calcite-D-7 0.010 8.0 60 0.100
Calcite-D-8 0.010 8.0 60 0.200
Calcite-D-9 0.010 8.0 60 0.300
Calcite-D-10 0.010 8.0 60 0.400
Orthoclase-E-1 0.010 5.5 20 0
Orthoclase -E-2 0.010 5.5 20 0.200
Orthoclase -E-3 0.010 5.5 20 0.400
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