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Résumé étendu de la thése en Frangais

Résumé étendu de la thése en Francais

L'é¢tude des processus d'adsorption des radionucléides sur les surfaces minérales est
fondamentale pour la conception et 1'évaluation de la shreté des futurs systémes de stockage des
déchets radioactif, ainsi que pour les diagnostics environnementaux des milieux pollués par des
radionucléides. Parmi ces radionucléides, I'uranium a une abondance relativement élevée dans les
systémes naturels et a un role central dans le cycle du combustible nucléaire. L’'uranium peut se
trouver sous plusieurs états d’oxydation. L'U(VI) est I'état d'oxydation le plus pertinent dans la plupart
des eaux de surface et des eaux souterraines oxygénées. L'adsorption de 1'U(VI) sur les surfaces de
divers minéraux a été largement étudiée par des expériences en batch complémenté par des techniques
spectroscopiques. Des sites de complexation possibles et des espéces de surface ont été proposés,
mais il est encore difficile d'obtenir des informations précises sur les mécanismes moléculaires
responsables des processus d’adsorption. Ces informations sont essentielles pour comprendre les
mécanismes physico-chimiques impliqués dans les expériences et pour développer des modéles
prédictifs pour les environnements concernés. Les calculs théoriques a 1’échelle moléculaire se sont
avérés €tre un outil efficace pour étudier les processus d’adsorption des radionucléides a l'interface
minéral-eau. Dans cette thése, les caractéristiques structurales et les mécanismes d'adsorption des
especes d'U(VI) sur les surfaces des principaux minéraux constitutifs du granite (orthoclase et quartz)
et des matériaux tampons/remblais (montmorillonite) des futurs systémes de stockage en couche
géologique profonde ont été obtenus a l'aide de calculs de dynamique moléculaire ab initio. Les
mécanismes de polymérisation des espéces d'U(VI) en solution aqueuse et sur les surfaces minérales
ont été étudiés. En outre, I’influence de la variabilité des sites d’adsorption des minéraux argileux de
type montmorillonite sur les réaction d'adsorption a également été étudi¢ de maniere systématique.
Les principales conclusions sont résumées ci-dessous:

1. La structure des complexes bidentates et monodontates de sphére interne, la structure du
complexe de sphere externe, I'énergie de liaison correspondante et la structure électronique de
l'uranyle a la surface de l'orthoclase (feldspath potassique) ont été étudiées en détail. En comparant
les résultats avec ceux correspondants pour I'uranyle sur les surfaces de silice, nous fournissons une
stratégie pour la construction de sites de surface afin de modéliser I'adsorption de 1'U(VI) sur le granite,
une roche composée principalement d'orthoclase et de quartz. La structure du complexe bidentate de
sphére interne de l'uranyle est la plus stable, et la capacité de liaison diminue progressivement avec

4
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Résumé étendu de la thése en Frangais

la protonation de la surface. Par ailleurs, la force de liaison du complexe bidentate du site de
déprotonation unique est similaire a celle de la structure de complexation monodentate du site de
déprotonation. En outre, les liaisons hydrogéne, les interactions électrostatiques et les liaisons
chimiques jouent un role majeur dans I'adsorption de 1'uranyle. Sur les sites présentant le méme degré
de déprotonation, la force de liaison de la surface du quartz est similaire a celle de la surface de
l'orthoclase, ce qui suggere qu'il est raisonnable de modéliser a plus grande échelle 'adsorption de
1'U(VI) sur le granite a 'aide de sites génériques non différenciés a 1’aide de modeles de complexation
de surface.

2. Les structures de complexation de trois espeéces d'uranyle multinucléaires majeures en
solution aqueuse ont été étudiées a la surface de la silice (001). Il a été constaté que (UO2)2(OH)**
préférait la structure « side-on », dans laquelle chaque groupe uranyle est lié au site de surface par un
mode bidentate. (UO2)2(OH)2** et (UO,)3(0)(OH)s" préféraient les structures « end-on », dans
lesquelles un seul uranyle est coordonné au site de surface via un mode bidentate. L'analyse de la
structure électronique a montré que les atomes d'uranyle de la structure « end-on » qui ne sont pas en
contact avec la surface sont indirectement impliqués dans la liaison chimique, ce qui augmente la
stabilité des complexes de surface. Les études EXAFS et les études de modélisation de la
complexation de surface de la littérature ont postulé l'existence de complexes de surface
multinucléaires d'U(VI), mais peu de recherches avaient été effectuées sur les structures des ces
complexes. Cette partie du travail de thése contribue a la compréhension des complexes
multinucléaires d'uranyle sur les surfaces de silice.

3. En utilisant la dynamique moléculaire des premiers principes, les énergies libres des
réactions de dissociation de trois espéces d'uranyle multinucléaires en solution aqueuse et sur des
surfaces de silice ont été calculées. En outre, le mécanisme possible de génération de complexes de
surface d'uranyle multinucléaire sur la surface de la silice (001) a été clarifi¢ d'un point de vue
thermodynamique. Il a été constaté que les especes d'uranyle multinucléaires se formaient d'abord en
solution aqueuse avant de s'adsorber sur les surfaces. Parallélement, il a été constaté que le précipité
des surface issu de I'hydrolyse de l'uranyle est composé de deux types d'unités structurelles formées
par la combinaison d'espéces d'uranyle mononucléaires et multinucléaires. Ce travail fournit une base
pour comprendre le mécanisme des complexes multinucléaires de l'uranium et le processus de

précipitation en surface de 'U(VI).
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Résumé étendu de la thése en Frangais

4. Les varations des propriétés de surface de bord (edge surfaces) des montmorillonites en
fonction du pH sont dues aux réactions acido-basiques de leurs groupes fonctionnels de surface.
L'acidité des sites de surface (caractérisé par la constante d'équilibre de la réaction acido-basique
intrinséque, pKa) est une propriété chimique influencée par la structure cristalline. Bien que les
montmorillonites aient trés majoritairement une structure non centrosymétrique cis-vacante de leur
feuillet octaédrique, les études de modélisation a 1’échelle moléculaire des montmorillonites ont
souvent fait I’hypothése d’une structure trans-vacante a symétrie centrale, ce qui peut conduire a des
prévisions incorrectes des propriétés de surface acido-basiques de la montmorillonite. Nous avons

calculé les constantes d'acidité intrinséque pour les sites sur les surfaces les plus abondantes, c'est-a-

dire les surfaces (010), (010), (110) et (110), d’une montmorillonite cis-vacantes en nous basant sur

des calculs de dynamique moléculaire ab initio. Par ailleurs, les surfaces basales des minéraux
argileux peuvent étre chargées négativement comme dans le cas des montmorillonites. Ces charges
sont causées par des substitutions isomorphiques hétérovalentes des ions présents dans la couche
octaédrique et dans les couches tétraédriques des feuillets. Dans les minéraux argileux dioctaédriques,
les substitutions les plus courantes sont la substitution de Si(IV) par Al(II) dans les feuillets
tétraédriques et de Al(IIT) par Mg(II), Fe(Il) ou Fe(Ill) dans les feuillets octaédriques. L’ influence de
ces substitutions sur 'acidité des sites de surface de bord nécessite d’étre caractérisée pour avoir une
compréhension détaillée des propriétés interfaciaux des minéraux argileux au cours des réactions
environnementales. Nous avons étudié les constantes d'acidité intrinséques des sites de surface des
bords des montmorillonites cis-vacantes substituées par Mg(II), Fe(II)/Fe(III) et AI(III). Les résultats
montrent que la substitution du Fe(I) conduit & une augmentation significative des valeurs pKa des
sites locaux, tandis que la substitution du Fe(III) conduit a une diminution. En outre, la substitution
du Fe(Il) augmente simultanément les valeurs pKa des sites silanols adjacents, tandis que 1'effet des
substitutions au Fe(III) est faible. Nous avons également constaté que les sites silanol avaient des
valeurs pKa ¢levées et que la substitution AI(III) dans les feuilles tétraé¢driques entrainait une
augmentation significative des valeurs pKa des sites oxygeéne pontants sur les surfaces (010) et (110).
Toutes les valeurs pKa disponibles pour la montmorillonite cis-vacante ont été utilisées pour
construire un modele de complexation de surface et les meilleures données expérimentales de titrage
acide-base disponibles dans la littérature ont été reproduites avec succes en l'absence de parametre
totalement ajustable, ce qui constitue la base dune modélisation quantitative des propriétés

6
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Résumé étendu de la thése en Frangais

d'adsorption des ions métalliques dans les minéraux argileux naturels.

5. Le mécanisme de complexation et la modélisation de la complexation de surface de I'uranyle
sur la surface du bord de la montmorillonite cis-vacante ont été étudiés. Au moyen de la méthode
d'intégration thermodynamique, nous avons exploré la structure de complexation de surface et les
changements d'énergie libre de dissociation de l'uranyle sur différents sites de la surface du bord. Un
modele de complexation de surface a partir de la microstructure a été construit en combinant ces
résultats avec la base de données des constantes d'acidité obtenues précédemment. Nous avons
constaté que l'utilisation des paramétres acido-basiques intrinséques de la montmorillonite cis-
vacante permettait une meilleure reproduction de la courbe d'adsorption de 1'uranyle a faible pH, tout
en soulignant la contribution des espéces d'uranyle multinucléaires a la complexation de surface a pH

élevé.

Mots clés : U(VI) ; Orthoclase ; Silice ; Montmorillonite ; FPMD ; Structure des complexes de surface ;
Structures ¢électroniques ; Energie libre ; Constante d'acidité ; Modélisation de la complexation de

surface.
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Introduction

Chapter 1. Introduction

1.1 Nuclear Energy Development and Radioactive Waste Disposal

1.1.1 Nuclear Energy Development

Fossil fuel energy is a major contributor to greenhouse gas emissions that cause global warming
and climate change. Nuclear energy is one option to transforming dependence on fossil fuels into
clean, low-carbon, efficient, and sustainable energy. At the end of 2020, statistics from the
International Atomic Energy Agency (IAEA) show that there are 442 nuclear power reactors in
operation worldwide, with a net installed capacity of 392.6 GW(e) (IAEA, 2009). In addition, a total
of 52 nuclear power units are also under construction with a total capacity of 57 GW(e) (Alam et al.,

2019).

Figure 1.1 Nuclear Fuel Cycle Schematic

Activities involving the use of radionuclides and nuclear energy development, especially steps
in the nuclear fuel cycle (Figure 1.1), generate large quantities of radioactive waste. Global spent fuel
is increasing at a rate of 12,000 tons of heavy metals per year, and it is estimated that 400,000 tons of
heavy metal spent fuel will be produced globally by 2030 (Zhou, 2011). Therefore, the demand for
radioactive waste treatment is increasingly prominent and urgent. The simplest and most common
form of spent fuel treatment is the one-pass method, that is, the spent fuel is disposed of directly
without treatment. This recycling method is simple and direct and has high economic benefits.

Another form of treatment is the closed nuclear fuel cycle, i.e., the uranium and plutonium in the

8
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Introduction

spent fuel are extracted through reprocessing and then reused as new fuel. All the remaining disposal
is mainly liquid waste, which contains high-activity. The fission products also contain high
concentrations and highly toxic minor actinides, which are called high-level waste liquid. According
to the specific activity of radioactive waste, the IAEA divides radioactive waste into very short-lived
radioactive waste (VSLW), very low-level radioactive waste (VLLW), low-level radioactive waste
(LLW), intermediate-level radioactive waste (ILW) and high-level radioactive waste Waste (HLW).
Regardless of whether it is a one-pass or closed-cycle method, the final object of spent fuel disposal
is high-level radioactive waste (IAEA, 2009).

1.1.2 Deep geological disposal of high-level radioactive waste

There is a large amount of spent fuel worldwide awaiting final disposal, and repository facilities
housing this radioactive waste must be able to ensure long-term isolation to protect the environment
and ensure future safety. Deep geological disposal is currently generally considered to be the most
feasible disposal option for high-level radioactive waste.

The design concept of deep geological repositories is based on the theory of multiple barrier
systems, which usually include natural geological barriers and engineering barrier systems provided
by the surrounding rock of the repository (Figure 1.2) (Wang, 2010). Some countries choose highly
stable granite as the natural geological barrier of the repository. Granite is a mixed mineral that
contains various types of mineral components, the main components of which are quartz and feldspar
(Nebelung and Brendler, 2010). The engineering barrier system is composed of buffer backfill
material, packaging container and vitrified body from outside to inside. The buffer and backfill
material acts as a chemical adsorption barrier for radionuclides, and at the same time has both
hydraulic and engineering structure barriers. Clay minerals are considered cushioning backfill

materials worldwide due to their high adsorption, low permeability and cushioning properties.
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Figure 1.2 Schematic diagram of the multiple barrier system of the high-level radioactive waste geological
repository

The performance and safety assessment of deep geological repositories for high-level
radioactive waste has strict and special scientific requirements. The purpose of the assessment is
mainly to determine the long-term safety-related characteristics, events and processes that affect the
performance of the repository system, especially the behavior of radionuclides with long half-lives,
high mobility and high radiotoxicity (Campbell and Cranwell, 1988). The main objective of the
multiple barrier system is to prevent the radionuclides contained in high-level waste from reaching
the human environment for as long as possible in order to reduce the radioactive impact of disposed
waste to acceptable levels. Therefore, it is important to study the reactions between radionuclides
dissolved or suspended in groundwater and the surrounding rock material in order to estimate the
quantities of radionuclides that can migrate in the aqueous phase or be delayed by adsorption on
mineral surfaces, as well as the basis for design and safety assessment of geological repositories for
high-level radioactive waste.

1.2 Interaction of Radionuclides with Mineral Surfaces

The reaction of radionuclides at the mineral-water solution interface has been extensively
studied, and the main purpose of the research is to provide basic data and theoretical foundation for
performance evaluation modeling or remediation development of repository projects. In order to
better understand the research content of this work, this section will introduce the current research
status, the theoretical background of actinide aqueous solution chemistry and mineralogy.

10
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1.2.1 Interactions

The mobility of radionuclides is strongly dependent on the adsorption and desorption processes
that take place on mineral surfaces. The initial research on radionuclides in mineral systems was
mainly carried out through batch adsorption experiments, so as to obtain the adsorption distribution
coefficient Ky (the ratio of the amount of radionuclides adsorbed on the surface of a unit mass of
minerals to the amount of radionuclides per unit volume of solution ). The focus of these studies has
mainly focused on the determination of adsorption boundaries (Kq as a function of pH) and adsorption
isotherms (K4 as a function of initial radionuclide concentration), using empirical and semi-empirical
equations (Freundlich, Langmuir, etc.) and surface complexation models (SCMs) to fit the relevant
experimental data, and then describe the adsorption reaction of radionuclides on the solid-liquid
interface (Bradbury and Baeyens, 2005, 2009, 2011). The above equilibrium models reveal the basic
laws of radionuclides and mineral surfaces. However, developing appropriate geochemistry models
to reliably describe and predict the environmental behavior of radionuclides requires a deep
understanding of the adsorption reaction mechanism and the true surface species morphology
(Geckeis et al., 2013). But, this cannot be obtained from wet chemical data. Figure 1.3 shows the
general steps of developing the surface coordination model. It can be seen that the determination of
the surface species reaction of the radionuclide is the last step in completing the SCM, and it is also
a key step in model fitting. However, the accuracy of the SCM depends to a certain extent on the
model parameters used. If the adsorption reaction mechanism is not clear, the selection of model

parameters and surface reactions will be variable, and eventually become a "mechanical" fitting.
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Figure 1.3 Schematic diagram of the mechanism of a surface complexation model (Geckeis et al., 2013)

The behavior of radionuclides on mineral surfaces is complex and diverse, including inner-
/outer-sphere complexation adsorption processes, redox processes, nucleation processes, and surface
precipitation processes, etc. (Figure 1.4). With the continuous development of spectroscopic
techniques, the adsorption reaction mechanism and the surface morphology of radionuclides can be
studied in detail, such as EXAFS (Extended X-ray Absorption Fine Structure Spectroscopy), TRLFS
(Time-Resolved Laser Fluorescence Spectroscopy), Raman (Raman Spectroscopy) or IR (Infrared
Spectroscopy), XPS (X-ray Photoelectron Spectroscopy), etc (Reich et al., 1998; Bargar et al., 2000;
Kowal-Fouchard et al., 2004; Bradbury and Baeyens, 2005, 2009, 2011; Froideval et al., 2006;
Marques Fernandes et al., 2012; Geckeis et al., 2013). These methods can be used to determine the
species morphology and local atomic structure of radionuclides in aqueous/non-aqueous solutions, at
mineral-water interfaces, or embedded in solid-phase minerals. For surface species information of
radionuclides at the molecular scale, EXAFS is undoubtedly the most versatile spectroscopic
technique. By utilizing EXAFS to determine the structural parameters of radionuclides adsorbed on
the mineral surface at a molecular level, in conjunction with TRLFS for surface species identification,
it becomes feasible to differentiate between the complexation structures of radionuclides within the
surface (inner-sphere/outer-sphere), mononuclear and multinuclear surface complexes, as well as the
formation of surface precipitates. The spectroscopic results of U(VI) obtained under different pH and

12
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ionic strength on the surface of various minerals show that U(VI) outer-sphere complexation
structures are formed at low pH and low ionic strength, while U(VI) inner-sphere complexation
structures are formed under other conditions. However, due to the window limitation of spectroscopy
experiments, the obtained information is an averaged result of various surface complexes, and the
process of surface reactions cannot be studied. For example, for the inner-sphere complexation
structures of U(VI) on montmorillonite at medium pH and high ionic strength, EXAFS shows
indistinguishable U-Si shells in the second coordination layer, which suggests that EXAFS has
considerable uncertainty in interpreting the structure of surface complexes involving second-layer

neighbor atoms (Zhang et al., 2018).

Figure 1.4 Schematic diagram of the chemical process of radionuclides at the mineral-water interface

Theoretical calculations complement the results of spectroscopy, especially in those cases where
experimental insight cannot be fully realized. Figure 1.5 shows typical time and space scales for
different levels of simulation in theoretical calculations. For simulations of radionuclide adsorption
on mineral surfaces, quantum mechanical (QM) and molecular mechanical (MM) scale studies have

13
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achieved remarkable success. Such theoretical calculations can obtain information on the structural
and electronic properties and energetic relative stability of the adsorption sites of different surface
complexes, which are directly related to the experimental results and allow for a better understanding
of the adsorption process of radionuclides on mineral surfaces. In recent years, almost all theoretical
calculation models have been applied to the chemical adsorption of uranyl. Kremleva et al. studied
the coordination structure of uranyl on the surface of 1:1 and 2:1 type clays through the DFT static
calculation and confirmed that the bidentate coordination structure on the surface of uranyl can be
stable (Kremleva et al., 2010, 2011, 2013, 2015; Kremleva and Kriiger, 2016). Similar results were
also obtained on TiO, a-FeOOH, Al(OH)s3, SiO; and other surfaces (Hattori et al., 2009; Pan et al.,
2012; Wang et al., 2015, 2017). Wheaton et al. reported optimized geometries of various uranyl
silicate complexes to understand how uranyl ions bind to colloids (Wheaton et al., 2003). Molecular
dynamics probed the formation of inner- and outer-sphere complexation structures of uranyl on the
silica surface and found that this process depends on the protonation state of the surface (Wang et al.
2015). At the same time, the relevant theoretical calculation results can further constrain the
parameters in the SCM to construct a more reasonable geochemical model. Zhang et al. explored the
adsorption free energy of uranyl at different sites on the edge surfaces of montmorillonite by first-
principle molecular dynamics and used the simulation results as the input parameters of the SCM to
reproduce the experimental adsorption data (Zhang et al., 2018). Therefore, this thesis adopts the
method of theoretical simulation to explore the mechanism of interaction between radionuclides and

mineral surface at QM and MM levels.
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Figure 1.5 Typical time and space scales for different levels of simulation in theoretical calculations (Ozboyaci,
M. et al.). : quantum mechanics (QM), including coupled cluster (CC) and DFT methods (inset adapted with
permission from (lori et al. 2008). Copyright (2008) American Chemical Society); molecular mechanics (MM)
including all-atom molecular dynamics (AA-MD) simulations, implicit solvent and coarse grained MD (IS-MD
and CG-MD), and the Brownian dynamics (BD) technique; and continuum mechanics (CM). The ranges of time

and length scales are approximate.

1.2.2 U(VI) Aqueous Chemistry

Uranium is relatively abundant in nature and plays a central role in the nuclear fuel cycle,
therefore, uranium is the most important radioactive element. The electronic configuration of uranium
is [Rn]5f36d17s2, which can exhibit oxidation states from +3 to +6. Uranyl (U(VI)O2?") is the main
pollutant in groundwater systems due to its stability in oxidizing environments. Uranyl, which is
geometrically linear and has rich coordination chemistry with many ligands (H,O. OH. COs? etc.)
(Tsushima and Suzuki, 2000). The only transport medium for radionuclides in the underground
environment is the aqueous phase, and it is important to understand the relative stability of the
compounds and complexes they may form under relevant conditions. Relevant thermodynamic
information can be provided by calculations using thermodynamic data and the accuracy of which
depends on the thermodynamic parameters. Commonly used databases include NEA (Nuclear Energy
Agency) database and PSI database (Grenthe et al., 2014). Figure 1.6 shows the speciation of 1x10*
M U(VI) at room temperature and 0.01M NaCl in the absence of CO,. It can be found that under
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acidic conditions, uranyl is dominant. As the pH value increases, hydrolysis and polymerization
reactions will occur, and the polymerized uranyl hydroxyl species will gradually dominate. In the
ambient pH range, the main U(VI) species in aqueous solution are: UO2%". (UO,)(OH)** .
(UO»)2(OH)>*" and (UO,)3(OH)s".

Figure 1.6 Species distribution of 1x10** M U(VI) at 25°C and 0.01M NaCl in the absence of CO»

The U(VI) species information and reaction constants in the thermodynamic database are
obtained through potential, spectrophotometry, chromatography, solvent extraction and other
experimental methods under different pH, temperature and uranyl concentrations (Nguyen-Trung et
al., 2000). That is to say, the structure of U(VI) species in the real water environment cannot be
obtained through the above-wet chemical experiments. Under these conditions, there are many co-
existing polymeric U(VI) hydroxyl species at low concentrations, leaving large uncertainties in the
hydrolyzate and associated data. EXAFS can give some structural information of U(VI) hydroxyl
complexes, and it found that the compound usually described as (UO,)3(OH)s* is actually
(UO»)3(0)(OH)3*. Also, similar to the structural studies of surface complexes, EXAFS is limited by
limited distal resolution and a general lack of angular information, which can be resolved by
combining theoretical calculations with EXAFS. Through theoretical calculations and EXAFS,
Tsushima et al. identified (UO2)2(OH)** bridged by single hydroxyl group, (UO2)2(OH),** bridged by
double hydroxyl group and (UO2)>(OH)** bridged by oxygen center in water phase. The microscopic
molecular structure of (UO2)3(O)(OH)s* (Figure 1.7) (Tsushima et al., 2007). However, the formation
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process and reaction mechanism of these U(VI) species remain unclear.

Figure 1.7 Structural diagram of three multinuclear uranyl hydroxyl species in solution

1.2.3 Mineral Structure and Surface Properties

The natural geological barrier of deep geological repository can be granite, which is an igneous
rock mainly composed of quartz and feldspar. Quartz and feldspar are also the most widely distributed
minerals in nature and play an important role in the interface process in nature (Schlegel et al., 2002).
Therefore, quartz and feldspar were also chosen as the minerals of interest in this work. Quartz is a
hard crystalline mineral consisting of silicon dioxide (SiO). Silica is made up of silicon-oxygen
tetrahedra, with each oxygen shared between two tetrahedra. In the natural low-temperature
environment, quartz exists in the o phase (a-Si0O.) (Figure 1.8a). Low Miller index a-SiO; surfaces,
such as (001), (010), and (101), etc., are the main exposed surfaces in nature. These surfaces are prone
to hydroxylation and are therefore the main contributors to the interaction with radionuclides.
Feldspar amounts to 60 % of continental crust materials and is thus one of the most abundant mineral
at Earth’s surface. The major feldspar types include orthoclase (also known as potassium feldspar)
(KAISi303), albite (NaAlSi30g) and anorthite (CaAl>Si2Og). The structure of feldspar is based on
silicon-oxygen tetrahedron. In the structure of these minerals, 1/4 or 1/2 of Si is replaced by Al, the
distortion of the replacement tetrahedron changes the direction of other tetrahedrons, and the voids

of the tetrahedrons are filled by K*, Na* and Ca** (Figure 1.8b). X-ray reflectance data at the feldspar
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interface indicate that (001) and (010) surfaces are the main exposed surfaces (Fenter et al., 2003).

Figure 1.8 Schematic diagram of the crystal structure of (a) quartz and (b) feldspar

Clay materials such as bentonite are the important material foreseen to be used in the buffer and
backfill materials in engineering barriers of deep geological repositories and natural barriers in some
countries. Clay minerals are layered alumino silicates. Their basic structure is composed of one layer
of edge-sharing octahedron (Octahedron) and one or two layers of corner-sharing tetrahedron
(Tetrahedron) (Figure 1.9). Therefore, clay minerals can be divided into 1:1 type and 2:1 type. For
2:1 type clay minerals, when the octahedral sheets are replaced by Mg and Fe, it is a swelling clay
mineral, such as montmorillonite. If the tetrahedral sheets are replaced by Al it is a non-swelling clay
mineral, such as illite. In the octahedral layer, each octahedral site is surrounded by two OH groups
and four O atoms. The octahedral sites can differentiate geometric isomerisms according to the
position of the OH groups. When the OH group is in the opposite position of the octahedron, it is a
trans octahedron, and when the OH group is in the neighboring position of the octahedron, it is a cis
octahedron. The cis and trans octahedral sites are distributed in a 2:1 ratio in the complete octahedral
layer (Figure 1.9). Therefore, the clay mineral structure is divided into cis-vacant clays and trans-
vacant clay minerals according to the vacancy situation of cis- and trans-octahedrons in the octahedral
layer (Tsipursky and Drits, 1984; Brigatti et al., 2011). Montmorillonite is a typical clay mineral with
both cis-vacant and trans-vacant structures. Most montmorillonite samples have a cis-vacant structure.
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Figure 1.9 Octahedral layer structure (trans-vacant and cis-vacant) and tetrahedral layer structure of clay minerals

Most macroscopic properties of mineral are related to the physical and chemical processes taking
place at the mineral surface. The interfacial properties of minerals have a strong dependence on the
environmental pH, which is mainly derived from the surface protons generated by the hydroxylation
of the mineral surface (Tournassat et al., 2015). The key to understanding the geochemistry of mineral
interfaces is surface acid-base reactivity, which is strongly influenced by proton surface chemistry.
For simple oxides, such as quartz, the intrinsic acidity constants of surface functional groups have
been predicted over the past decades by combining experiments (especially acid-base titrations and
electrophoretic mobility measurements), surface complexation models (SCM), and valence-bond
theory (Tournassat et al., 2016). For clay minerals, the solid-phase structure often has permanent
structural charges due to the isomorphic substitution of cations, and there are two surfaces with
completely different properties, the basal surfaces and the edge surfaces, which have brought great
difficulties to the study of clay mineral surface properties. The basal surfaces have no surface protons
and mainly undergoes ion exchange reactions, while the edge surfaces have complex hydroxyl sites,
showing a significant pH effect (Liu et al., 2022). For the study of the acidity constant of the surface
protons on the edge surface, in recent decades, the theoretical estimation of the intrinsic pKa value of

the edge surface protons is based on the bond valence theory. However, the obtained pKa values
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cannot accurately predict experimental titration data and are sensitive to hypothetical models
(Tournassat et al. 2016). In recent years, first-principles molecular dynamics (FPMD) combined with
vertical gap method simulations have proven to be a powerful tool to accurately calculate the intrinsic
pKa values of clay edge surfaces. Liu et al. published a series of works on the intrinsic pKa values of
trans-vacant clay structures on (010) and (110) surfaces, which were perfectly applied in SCM (Figure
1.10) (Liu et al., 2013, 2014, 2015, 2016, Tournassat et al. 2016). Therefore, this work adopts this

method in the calculation of the acidity constant value of protons on the edge surface of clay minerals.

Figure 1.10 Intrinsic pKa values of surface sites at the edge of trans-vacant clay structures

1.3 The Research Significance and Research Contents of the Thesis

1.3.1 Research Significance

Because of the development of nuclear energy, the safe storage of radioactive waste in
repositories is an important task to protect humans and the environment from radioactive and
chemical toxicity. In order to predict the behavior of potential environmental pollutants (mainly
radionuclides) for long-term safety assessment, it is necessary to understand the transport behavior
of radionuclides in the environment. This mainly depends on the speciation of the radionuclide in
aqueous solution, the interfacial chemistry of the relevant environmental minerals and the retardation

caused by the sorption of the radionuclide by the mineral. A lot of research has been done on related
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topics, and a deep understanding has been obtained. Batch experiments, surface complexation models,
spectroscopy and theoretical calculations have made significant progress in the basic understanding
of radionuclide adsorption mechanisms, radionuclide and mineral surface morphology, such as inner-
/outer-sphere surface complexes, identification of surface-induced redox reactions and lattice
intercalation, etc (Tan et al., 2010).

It is worth noting that (1) because of the late development of theoretical simulation calculations
and the fact that surface complexes cannot be regarded as species with an apparently uniform structure,
there are only few studies on the molecular level mechanistic information on the interaction of
radionuclides with mineral surfaces and on the modeling of the data by applying them to different
systems. (2) The structure information of some surface complex species is vague, especially the
surface multinuclear polymer species, which have a great influence on the construction of
microscopic geochemical adsorption models to describe and predict the environmental behavior of
radionuclides. (3) For the limited molecular-level studies of radionuclides in aqueous solutions and
on mineral surfaces, the vast majority of work is still focused on static studies, i.e., to obtain final
species structure information. However, understanding the physical and chemical process of the
reaction has important implications for understanding the characteristics and nature of the
environmental behavior of radionuclides. (4) At present, almost all the microscopic theoretical
calculations on the edge surface of montmorillonite have been built based on the model structure of
pyrophyllite, which has a trans-vacant structure. However, the existing experimental data show that
most of the montmorillonites have a cis-vacant structure. Therefore, clarifying the difference between
the two structures in terms of physical and chemical properties is of great significance for
understanding the physical and chemical behavior of montmorillonite.

1.3.2 Research Contents

In this thesis, the adsorption mechanism of U(VI) on the surface of potassium feldspar, silica,
and cis-vacant montmorillonite, uranyl polymerization/precipitation mechanism, and the acidity on
the edge surface of cis-vacant montmorillonite were studied by theoretical simulation calculation
method. The specific content of the thesis includes the following aspects:

Chapter 1 is the introduction, which introduces the current utilization and development of
nuclear energy, the disposal methods of radioactive waste, the research status and progress of the

interaction between radionuclides and mineral surfaces, and the research significance and content of
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this paper.

Chapter 2 is the theoretical basis and calculation method, which introduces the basic knowledge
of the research method used in this thesis. Including wave function method, density functional theory,
electronic structure analysis method, first principle molecular dynamics, free energy and acidity
constant calculation method, surface complexation model and related software.

Chapter 3 studies the adsorption and complexation mechanism of mononuclear uranyl on the
surface of potassium feldspar (001), which is the main component of granite. The U(VI) surface
complexation structure was optimized, the electronic structure of the related stable structure was
explored, and the main mode of surface interaction was clarified. By comparing with the theoretical
calculation results of uranyl on the surface of silica (001), molecular level information is provided
for multi-component mineral adsorption modeling.

Chapter 4 investigates the adsorption and complexation mechanism of multinuclear uranyl on
the silica (001) surface, characterizes the complexation structures of three representative multinuclear
uranyl species on the silica surface, and explores the adsorption process of multinuclear uranyl. The
electronic structure and interaction mechanism provide compelling evidence for incorporating
multinuclear uranyl species into the surface complexation model, which is in excellent agreement
with spectroscopic measurements conducted at relevant high pH levels.

In Chapter 5, based on the research conducted in the previous chapter, we investigated the
polymerization reaction mechanism of three types of multinuclear uranyl in aqueous solution and on
the silica surface. Additionally, we confirmed the formation reaction process of surface multinuclear
uranyl complexation structure. Building upon this foundation, we explored the reaction mechanism
of uranyl nucleation and precipitation on the surface and proposed the concept of precipitation
through combination of basic structural units.

Chapter 6 explores the acid-base properties of the cis-vacant montmorillonite edge surface,
calculates the acidity constants of aluminol and silanol groups on the cis-vacant edge surface,
constructs a surface complexation model, and compares the SCM with the titration model of the trans-
vacant montmorillonite as well as the real titration experimental data, pointing out the differences in
surface reactivity between the cis-vacant montmorillonite and the trans-vacant montmorillonite.
Furthermore, the effect of the acidity constant caused by Mg(Il), Fe(Il)/Fe(IIT) and AI(IIT) isomorphic

substitution on the edge surface of cis-vacant montmorillonite were also revealed. A fully constrained
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acid-base titration model was constructed, and the acid-base titration curves of clay minerals in
different regions were predicted.

Chapter 7 studies the coordination mechanism and surface complexation model of uranyl on the
edge surface of cis-vacant montmorillonite. Using the method of thermodynamic integration, the
surface complexation structures and free energy change of uranyl at different sites on the edge
surfaces are explored. Combined with the dataset of the acidity constant, a state-of-the-art surface
complexation model based on the atomic information is constructed. These results provide important
inspiration and new ideas for future adsorption research.

Chapter 8 is the summary and perspective of this thesis, encompassing the main results and

conclusions. Meanwhile, the future research directions are further discussed.
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Chapter 2. Theoretical Basis and Calculation Methods

2.1 Introduction

In recent years, theoretical computational chemistry has developed into a very powerful tool,
which contributes to a better understanding of physical/chemical systems. The synergies gained from
theoretical/experimental studies are enormous, often providing deeper insight into the system. Over
the past three decades, the advent of supercomputers and enormous advances in theoretical methods
have allowed increasingly complex systems to be simulated at remarkable speed (Geckeis et al., 2013).

For the study of aqueous solution chemistry of actinides, mineral interfacial chemistry, and
interactions between actinides and mineral surfaces, traditional wet chemistry experiments and
spectroscopy techniques are unable to obtain mechanistic insights at the molecular level. However,
molecular-level knowledge is critical for understanding the physicochemical mechanisms in
experiments and for developing predictive models of these systems. Theoretical calculations have
been successfully applied to study related topics to obtain information at the molecular level.
Therefore, this thesis adopts the relevant theoretical calculation methods for research.

Classical simulation is based on a set of force field that describe the empirical parameters of
atomic interactions to calculate energy and force (Cygan et al., 2021), Classical molecular dynamics
uses the force calculated by the force field to generate dynamic trajectories, and the time scale of the
simulation can reach the second level. However, although the calculation speed of this method is fast,
and the simulated system can contain tens of thousands of atoms, the simulation results are too
dependent on the empirical parameters of the force field, which is not suitable for the calculation of
the breaking and formation of chemical bonds, the structure optimization of complexes, and the
electronic structure. Therefore, all calculation methods in this thesis adopt the electronic structure
calculation method based on the principle of quantum mechanics. This method does not have any
empirical parameters, and can explain the mechanism of the research system from the
molecular/atomic/electronic level. Next, I will introduce the theories, principles, methods and
software used in the calculations in this thesis.

2.2 Schrédinger Equation

Classical mechanics only applies to macroscopic particles. For microscopic particles, we need a
new form of mechanics called quantum mechanics. Heisenberg uncertainty principle states that we
cannot simultaneously determine the precise position and velocity of microscopic particles, and
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therefore cannot gain the knowledge that classical mechanics requires to predict the future motion of
a system. Therefore, the way to study quantum mechanics is to assume fundamental principles. In
order to describe the state of the system, we assume that there is a function W that can describe the
state of the particle, this function is called the wave function. At the same time, the state of the system
also changes with time, which shows that ¥ is a function of coordinates and time ¥ (r, t). To describe
the motion of microscopic particles from a quantum mechanical system, we need an equation for the
wave function as a function of time. For a microscopic particle of mass m moving in the V (r,t)

potential field, this equation is defined as:

2
l 2h V+V(r, t)l Y(r,t)=ih—— (r Y

This equation is called the time-dependent Schrodinger equation, where r is the coordinate of
the electron, h is the reduced Planck constant, and i is a complex number. Many applications of
quantum mechanics to physical chemistry do not use this equation, and the simpler time-independent
Schrédinger equation is used. Among them, the potential function V will no longer be a function of
time, but only related to the electron coordinates, and the time-dependent Schrédinger equation will

be transformed into a stationary Schrodinger equation:

h? 5
l—%v + V(@) |¥Y() = E¥(r)

or
AY(r) = E¥(r)

where H is the Hamiltonian, and E represents the energy of the system. When the system is a

multi-particle system, the stationary Schrodinger equation is:
AY(r,R) = E¥(r,R)

The stationary wave function ¥(r, R) contains both the coordinates of the nucleus and the
coordinates of the electrons. This also means that the Hamiltonian of the system is huge, and it
becomes very difficult to solve the Schrodinger equation. Fortunately, we can solve on an
approximate basis. Since the mass of the nucleus is much larger than that of the electron, the
movement of the electron is much faster than that of the nucleus. As far as electrons are concerned, it
can be approximated that the nucleus is fixed. We call this approximation the Born-Oppenheimer

Approximation. Therefore, during the solution process, the movement of electrons has nothing to do

25

Thesis Pengyuan Gao — 2023
ISTO



Theoretical Basis and Calculation Methods

with the movement of atomic nuclei, and the variables of the stationary wave function ¥(r, R) can be
separated. Therefore, the stationary Schrodinger equation for many-particle systems becomes the
stationary Schrodinger equation for electrons:

HoyWa(r) = Eq¥a(r)

This approximation greatly simplifies the difficulty of solving. Under different nuclear
coordinates, there is a set of electronic eigenequations. The solution of the many-electron stationary
Schrodinger equation requires the one-electron approximation to transform the many-electron
problem into a one-electron problem. The single-electron approximation, also known as the Hatree-
Fock approximation, regards each electron as moving under the nuclear coulomb field and the average
potential field of other electrons. Therefore, the multi-electron coupled wave function can be written
in the form of the product of single-electron wave functions:

e (r1, 12,73 . Ty) = @1(1)02(12) .. oy (1)
However, this form does not conform to the exchange-antisymmetric nature of the wave function,

and the wave function of the system needs to be expanded into the form of the slater determinant:

" 01(x1)  @a(x1) - oy(xy)

_ L 01(x2)  @a(x) o on(xy)

Yy, 12,13 0 Ty) = N : : :
o1(xy)  @a(xy) - on(xy)

The stationary Schrodinger equation of the electron is further transformed into the form of the

Fock operator, that is, the Hartree-Fock equation:
Fipa(r) = 204 (r)

In the actual solution process of the Hartree-Fock equation, it is solved by the variational method

in matrix form, that is, the Hartree-Fock-Roothaan (HFR) equation:
FC = &SC

Among them, F is the Fock matrix, S is the overlapping matrix, C is the coefficient matrix, and
¢ is the energy matrix. Afterward, the wave function can be further solved by self-consistent field
iteration (SCF).
2.3 Density Functional Theory

2.3.1 The Hohenberg-Kohn Theorems

From the Hartree-Fock equation, it can be seen that the energy of any quantum state is a function

of the entire wave function ¥(ri, r2 ... rn), which contains 3N variables. The first Hohenberg-Kohn
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theorem points out that the energy of the ground state of the system depends only on the electron
density p(r), which is only a function of three variables. Therefore, the 3N-dimensional solution
problem becomes a 3-dimensional solution problem, which also explains why this theory is also

called Density Functional Theory (DFT), namely:
p() =2 i)
i

Ey = Eolpo(m)]

The ground state electron density po(r) is in principle sufficient to obtain all properties of interest.
However, how we determine that a certain electron density is the ground state density is a problem.
The second Hohenberg-Kohn theorem gives the solution. Simply put, this theorem shows that for any
electron density p(r), under the exact energy functional, the energy must be higher than the
corresponding real ground state energy Erea of the real ground state electron density prea(r). The
second Hohenberg-Kohn theorem is also called the variational theorem, that is, if the exact energy
functional is known, and the system is minimized by continuously adjusting p(r), the system will
finally obtain accurate ground state energy, electron density and wave function, etc., which can be

expressed as:
(PIH|P) = T[5] + Vee[p] + J AE)VexedE = E[B] 2 Eolpo] = (¥oH|¥o)

2.3.2 Kohn-Sham Equation

The complete electron density-based energy function can be written as:

E[p(m)] = T[p(0)] + Vee[p(D] + [ Vert @) () dr + Vin[p(1)] + Exc[p(r)]

The first item on the right side of the above formula is the electron kinetic energy item, the
second item is the coulomb interaction item between the electrons, the third item is the attraction item
between the electron and the nucleus, the fourth item is the nuclear-nuclear interaction item, and the
fifth item is the electron exchange associated items. The electron exchange correlation term refers to
the exchange interaction between spin-parallel electrons and the correlation between spin-antiparallel
electrons. The energy functional E[p(r)] is subjected to variational processing on the single-electron

wave function ¢@(r) to obtain the Kohn-Sham equation:

2

h
— 5 VAV (@) + V(1) + V(M) | () = e (r)

Among them, the first three terms are the single-electron kinetic energy term, the external
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potential term and the hartree term, which can be solved exactly. While the last exchange-correlation
term can only be approximated by the approximate exchange-correlation functional to approximate
the exact solution.

The Local Density Approximation (LDA) sets the exchange-correlation potential at each
location to that of the homogeneous electron gas observed at that location. This approximation only
uses the local electron density to define an approximate exchange-correlation function, which
underestimates the exchange energy and overestimates the correlation energy. As a result, it usually
overestimates the binding energy, underestimates the bond length and lattice constant, and
underestimates the reaction barrier. Generalized Gradient Approximation (GGA) increases the
gradient information of electron density on the basis of local density approximation, which can further
describe the chemical reaction process while taking into account the calculation speed and calculation
accuracy, so it becomes the most common functional in the first principle calculation. There are many
types of GGA functionals that have been developed, for example, PBE, BLYP, and PW91 functionals.
Among them, the most commonly used function in the condensed phase system is the PBE functional
proposed by Perdew, Burke and Ernzerhof, and all calculations in this thesis use the PBE functional
(Perdew et al., 1997).

2.3.3 Basis Sets and Pseudopotentials

When solving the Hartree Fock equation, the specific form of the Fock orbit ¢(r) isnot known,
and it needs to be written in the form of linear combination of atomic orbitals (LCAQO), namely:

@(r) = Xcixi(r)

Where {yi} represents a set of basis functions, called the Basis Set. The Gaussian function is
most commonly used in quantitative calculations, while the plane wave basis set is used for solid and
surface systems that extend infinitely in space. The latest mixed Gaussian and Plane Wave basis group
also has good applications (Lippert et al., 1997).

When atoms come together to form a solid, the core electrons (usually those in the inner shell)
stick tightly to the nucleus in the deep potential well, and in most cases remain unchanged, that is,
the core electrons remain stable state, rarely participates in any physicochemical properties of the
system. On the contrary, the valence electrons are far away from the nucleus, the energy is much
higher than the potential well, relatively independent and highly active, and can participate in bonding,

ionization, conduction in metals, and formation of energy bands and other activities. From a
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computational point of view, we can remove the nucleus and core electrons and only deal with active
valence electrons, which is called the frozen core approximation (Frozen-core Approximation). At
the same time, when the wave function of valence layer electrons passes through the highly localized
core region, its oscillation becomes very severe. This multi-node wave function greatly increases the
amount of calculation, especially for heavy elements, the amount of calculation is unbearable of. If
the wave function in the core region is adjusted to a properly featureless curve, it will make the
calculation very suitable, and this process is called pseudofake. The potential jointly produced by the
core electrons replacing the nucleus and the nucleus is called a pseudopotential. For solid-phase
systems, commonly used pseudopotentials are Projector Augmented Wave and GTH pseudopotentials
(Blochl, 1994; Goedecker et al., 1996; Kresse and Joubert, 1999).

2.3.4 Periodic Boundary Condition

1 mole of solid phase requires approximately 10>} atoms, which is impossible to include in any
simulation framework. The so-called periodic boundary conditions are about to set infinite mirror
images in the box that simulates finite atoms. This means that the electrons in the bulk move in a
periodic equivalent potential field, and the potential acting on the electrons is periodic and invariant
under translation with respect to the lattice vector R:

Ur)=Ur+R)

Bloch's theorem states that when the wave function of solid-phase electrons remains in the form

of a plane wave, a new phase factor can be used to redefine the electron wave function:
W +R) = e FP(r)

k is a reduced wave vector in reciprocal space, which means that when the lattice vector is
translated, the wave function only increases by a phase factor e’*R. Any periodic function can be
expanded by Fourier series and transformed into e-exponent form through Euler's formula, so that
our calculation can be performed in the reciprocal space, namely:

n(x) = Ynyexp (i2npx/a)

The basis vector relationship between reciprocal space and real space is:

a; - b; = 2mé;;

Therefore, each solid-phase lattice has two crystal structures of reciprocal space lattice and real
space lattice. Among them, the Wigner-Seitz cell of the reciprocal space is called the Brillouin zone.

The first Brillouin zone is the original unit cell of the reciprocal lattice, which contains all the
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properties of the system. Any point in the first Brillouin zone represents a simple wave vector k, so
there are infinite discrete k& that can quantify the wave function well. The wave function is smooth,
so the KS equation of a limited number of k points can be solved independently, and then the weighted
average can be performed to obtain the electron energy and other properties. The denser the selected
k-points, the more accurate the result.
2.4 Electronic Structure Analysis Methods

When the solution of the Schrédinger equation is completed, in addition to the energy, we also
obtain the wave function of the system. The wave function reflects all the properties of the electrons
in the system. Therefore, the analysis of the wave function can give us an in-depth understanding of
the physical and chemical properties of the system from the electronic level. There are many kinds of
electronic structure analysis methods. Next, I will briefly introduce the methods used in this thesis.

2.4.1 Electronic Density of States

The energy levels of molecular systems are separated. For the solid phase, it can be regarded as
a huge molecular structure, so the number of its energy levels is huge. For a discrete molecule, we
can select HOMO/LUMO orbitals and valence orbitals to analyze the reactivity of the system, but it
is impossible to select one or more orbitals for analysis in the large number of discrete crystal orbitals
in the solid phase. However, we can define all energy levels in the energy interval to analyze the
energy level changes of the system. Therefore, the number of electronic states per unit energy is called
the density of states (DOS):

1
D(E) = N_kz §(eix— E)
Lk

If the density of state is decomposed into each atom and the spdf orbital of the atom, we call it
the local density of state (LDOS); if the density of state is further decomposed into orbitals such as
pX, py and pz, we call it is the projected density of states (PDOS). The application of density of states
in first-principle calculations is more important, especially for the analysis of the energy level change
relationship of the interaction between molecules and surfaces. For example, the number of electrons
can be obtained by integrating the density of states; the more energy levels per unit energy, the higher
the density of state peak and the smaller the broadening, so as to judge the strength of the interaction
between orbitals; the shift of the density of state peak position can also affect interactions between

systems (Camellone and Fabris, 2009; Lu et al., 2018; Tsuji and Yoshizawa, 2018).
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2.4.2 Bader Charge

Bader charges are also known as QTAIM (Quantum Theory Atom in Molecule) charges (Tang
et al., 2009; Bader and Matta, 2013). In this method, the zero-flux surface of electron density (the
two-dimensional surface with the smallest charge density perpendicular to the surface) is used as the
interface to divide the atomic space. Thus, the total electronic charge belonging to a particular atom
can be defined by integrating the charge density over the entire atomic space, after which the atomic
charge of this atom is equal to the difference between the nuclear charge and the total electronic
charge. The atomic charge is obviously affected by the division method, so for the atomic charge, the
horizontal comparison is particularly important. The Bader charge of the atom can reflect the
electrostatic interaction in the system. The larger the Bader charge, the stronger the electrostatic
interaction. At the same time, multipole moments of atomic or molecular interactions can also be
determined.

2.4.3 Charge Density Difference

When a system undergoes a physicochemical reaction, the difference in charge density can
describe the electronic rearrangement between two fragments. Charge Density Difference is defined
as the charge density of the system minus the density of the individual fragments that make it up:

AP=P15Ps P

Through the charge density difference, we can intuitively see the direction of electron transfer
during the reaction. We clearly obtained the properties such as the bonding polarization direction in
the process of electronic coupling, and explored the nature of chemical bonds (Tozini et al., 2015).

2.4.4 Electron Localization Function

The Electron Localization Function (ELF) is a three-dimensional real-space function that

represents the degree of localization of electrons at different spatial positions (Becke and Edgecombe,

1990; Silvi and Savin, 1994). It is defined as:
1
1+ [D(r)/ Do(r)]?
Among them, D(r) represents the excess kinetic energy density due to Pauli mutual repulsion,

ELF(r) =

also called Pauli kinetic energy density. ELF reflects the degree of localization of electrons in space,
and its value range is [0,1]. The larger the value, the higher the degree of localization of electrons. 0

means that the electrons are in a uniform electron gas at this time, and 1 means that the electrons are
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completely localized. Generally, if ELF>0.5, it means that the electrons are in the region where
covalent bonds, lone pair electrons, inner shell electrons, multi-center bonds, etc. And when ELF<0.5,
at this time we think that the electrons are in the region of higher ionic bond composition.
2.5 First Principles Molecular Dynamics

Atoms of matter in the real environment are always moving all the time, and understanding how
atoms in matter move with time is a prerequisite for describing some properties with practical
significance. For example, the coordination reaction process and interface reaction process in a real
solution. Molecular Dynamics (MD) is a tool for tracking the trajectory of atoms. The simulated
trajectory obtained through statistical analysis can often obtain information that cannot be obtained
in static calculations. First Principle Molecular Dynamics (FPMD) means that in the process of
computational simulation, the force on atoms comes from DFT to solve the Schrédinger equation,
while the force on atoms in classical simulation comes from force fields or empirical potentials. All
FPMD simulations in the thesis adopt the Born—Oppenheimer Molecular Dynamics (BOMD) method.
BOMD refers to directly solving the static electronic structure at each step when a set of fixed atomic
nucleus positions is given in the molecular dynamics simulation. Thus, the electronic structure part
is reduced to solving a time-independent quantum problem while the nucleus evolves via classical
mechanics.

The movement of atomic nuclei in all FPMD simulations in this thesis adopts the Verlet
algorithm based on Newton's equation of motion in classical mechanics. The position and velocity at

time t+ot can be written as:
2

R(t + 6t) = R(t) + 6tV(t) + iimF(t)
V(t+68t)=V(t)+ 28—;1 [F(t) + F(t+ &t)]
where F is the atomic force and m is the atomic mass. At this moment, the property A at any
time in the system is a function of the momentum and coordinates of the particles in the system. The
molecular dynamics simulation is carried out in a large number of independent systems (ensembles)
with the same macroscopic properties but different microscopic states, and the property A takes an
ensemble average:

(4) = [ dp"drVA(", r")p (", r")
Common ensembles include canonical ensemble (NVT), microcanonical ensemble (NVE),
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isothermal and isobaric ensemble (NPT), giant canonical ensemble (WVE). Due to the limited number
of atoms simulated by FPMD, it will lead to very severe pressure fluctuations. Therefore, the NVT
ensemble is used in this theis, that is, the number of particles N, volume V and temperature T are kept
constant during the simulation process. The temperature control of the NVT ensemble mainly uses a
thermal. There are many types of thermals, such as Berendsen thermostat, Anderson thermal, and
Nosé-Hoover thermal. Among them, the Nosé-Hoover thermal regards the thermal as a part of the
system, and interacts with the system through coupling parameters, so that the particles of the system
satisfy the Maxwell-Boltzmann distribution and evolve together with the system (Martyna et al.,
1992). Therefore, this thesis uses Nosé-Hoover thermal as a means of temperature control.

When analyzing the local coordination structure between atoms in the system through simulated
trajectories, the results of Radial Distribution Function (RDF) can be compared with the structure
predicted by spectroscopy, so as to serve as a standard for testing a specific structure. RDF is defined
as the ratio between the particle number density at a distance r from any reference atom and the

average particle number density p:

n(r)

9(r) = pAmr?Ar

It can be seen from the formula that when r tends to infinity, g(r) = 1. Any g(r) peaks reflect
interparticle correlations due to interactions, which, when integrated over the peak areas, yield a
coordination number for the reference atom (Kirkwood and Boggs, 1942).

2.6 Free Energy Calculation Method

To fully understand most chemical processes, it is often necessary to examine their underlying
free energy behavior. Perturbation theory (PT) and thermodynamic integration (TI) have become
standard methods for evaluating free energy differences (Kirkwood, 1935; Zwanzig, 1954). The main
core idea of both methods is to accurately determine the configurations of the target system and the
reference system, and then sufficiently sample the relevant low-energy states of the two systems to
obtain the free energy difference. In comparison, the TI method is more rigorous in principle, and its
calculation results are more accurate. Therefore, all the methods in this paper to explore the change
of reaction free energy use the TI method.

FPMD obtains the potential energy surface of the internal energy of the system. The potential
energy surface is converted into a Boltzmann distribution through the Boltzmann distribution law,
and then transformed into a free energy potential energy surface through a partition function. For the
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canonical ensemble, its characteristic function is Helmholtz free energy, so the free energy discussed
in this thesis is Helmholtz free energy (A). The basic principle of TI is easy to understand. For a
reaction process, the free energy change can be written as the following integral:
31
AG) — AG) = | dajdeag
$o

where & represents the degree of freedom of the reaction process, which can also be called the
reaction coordinate. & and &; correspond to the coordinates of the initial and final states of the reaction,
respectively. In this thesis, the sampling simulation of the control reaction coordinates is realized by
constrained first-principles molecular dynamics, where dA/d§ represents the constraint mean force
potential (Constraint Potential of Mean Force). The selection of reaction coordinates is diverse, and
is different in different reaction paths, such as interatomic distance, angle, dihedral angle,
coordination number, etc., of course, can also be customized. The reaction coordinates used in this
paper are mainly interatomic distance and coordination number (Coordination Number, CN) (Sprik,

1998; Sprik and Ciccotti, 1998). The definition of the coordination number is as follows:

1—(7”/1‘)12
(N = Z 1—(r;/r.)%*

where 1; is the distance of related atoms; r. is the cutoff value.
2.7 Calculation Method of Acidity Constant

The microscopic mechanism of proton dissociation applies only to self-ionization in aqueous
solution, and determining the reaction pathway for proton dissociation from weak acids and
subsequent diffusion in solution is an important challenge because of the long time involved in the
reaction and, more importantly, Protons have complex solvent recombination and protons in aqueous
solution are indistinguishable in theoretical simulations. Here, we investigated the pKa values of
acidic functional groups of our interest (e.g., protons on mineral surfaces and protons in aqueous
solution complexes) by the FPMD-based vertical energy gap method (Cheng et al., 2009, 2014;

Costanzo et al., 2011).

In this method, the half-reaction scheme was applied. The proton of an acid (denoted as AH) is
gradually transformed into a ghost atom that can be considered a classical particle without any charge.

The free energy of the transformation is computed as
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1
a= [ (am, an

Here the AE is the vertical energy gap which is defined as the difference between the potential
energies of the reactant and the product states. The subscript 1 is a coupling parameter that increases
from O (the protonated state) to 1 (the deprotonated state). The mean value of AE is derived with the
restrained mapping Hamiltonian:

an(l'ﬂ)HR+ﬂHP+ Ve

Hr and Hp refer to the reactant and product states, respectively. The restrained harmonic potential
Vi is used to ensure that the ghost atom stays at the same position as that in the simulation of the

reactant state. The restraining potential is of the form familiar from classical force field models:

S - 1
Ve Y Sha@d) Y Sky(0m0p)
i=1 i=1

The leading term is a sum of harmonic potentials of bond distance and bond angles with the
respective equilibrium values of do and ao, which were derived from the prior simulations of their
reactant states without constraint.

In actual calculations, the AA is estimated by the three-point Simpson’s rule which requires
running the simulations of 1= 0.0, 0.5, and 1.0, respectively. Then the deprotonation-free energy can

be expressed as:
1 2
AA:g ((AE>0+(AE>1)+§ (AE)o 5
With the same method, one proton of an H3O™ in the solution area of the same system gradually
switched off to become a dummy, the free energy of which is denoted as fol dn(AEH30+ -

Combining the results for the two steps provides the result for the pKa:
1 1
2.30kBTpKa=f dn(AE),- f dn(AEy, o+ )yt kBﬂn[coAiI+]
0 0

Here, ¢ is the unit molar concentration whose value is 1.0 mol/L. /A y' is the thermal
wavelength of the proton. The third term kg Tln[co/liﬁ] represents the translational entropy caused

by proton dissociation, approximated by the chemical potential of a free proton at the standard
concentration (-0.19 eV or 3.2 pK, units).
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2.8 Surface Complexation Models

Surface Complexation Models (SCMs) use the concepts of mass balance, surface charge balance,
and thermodynamic chemical equilibrium to quantitatively predict the partitioning of chemical
species between aqueous solutions and mineral surfaces (Wen et al., 1998; Zhang et al., 2017). At the
same time, SCMs can be coupled with large-scale fluid transport models to build reliable predictions
in environmental science. In recent decades, model parameters have been obtained by fitting
macroscopic adsorption experimental data, and spectroscopy has further constrained the observed
main reaction mechanisms. The construction of the SCMs needs to follow the principle of simplicity,
that is, to build the model with the fewest adjustable parameters to avoid the correlation between
fitting parameters. The goal of the modeling work proposed in this thesis is to construct a model with
as few empirical parameters as possible compared to the traditional fitting data model. The progress
of molecular level simulation provides a new possibility to reduce the number of empirical fitting
parameters in the surface coordination model.

The SCMs constructed in this thesis are all based on the edge surface of 2:1 clay minerals. When
constructing the model on the edge surface, the surface potential Wedee needs to explicitly consider
the spillover effect of the basal surface potential to the edge surface potential. Bourg et al. solved the

PBE 2D form of Weqge for an isolated montmorillonite layer edge surface (Bourg et al., 2007):

Fiq .
ReTge = Ajasinh [4, (Qedge +45)]

where Qedge (C-m?) is the edge charge, A1 (unitless), Az (m? C) and Az (C m™2) are obtained by

fitting the Wedge value from the two-dimensional full-resolution PB equation parameters. For
montmorillonite at 25 °C, Tournassat et al. refined the values of these parameters to A; = 1.4-1.2 log
LA>=11+1logI As=-0.02 (-log )!%° (Tournassat et al., 2016).

Edge surfaces with different crystal orientations exhibit different properties and different site
densities. Surface site types and densities will therefore be derived from constructed mineral
crystallographic microstructures and experimental observations. Reaction equilibrium constants,
including surface protonation/deprotonation constants and adsorption equilibrium constants, are
derived from computational predictions with first-principles molecular dynamics.

2.9 Softwares

All the first-principle static calculations in this thesis are realized by the VASP (Vienna Ab initio

Simulation Package) software package for solving the KS equation based on periodic density
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functional theory (Kresse and Hafner, 1993; Kresse and Furthmiiller, 1996a, b). VASP has its own
independent set of reliable PAW pseudopotential databases, including all key elements in the periodic
table. VASP runs fast and has high parallel efficiency, and supports GPU acceleration, especially in
structural optimization. VASP input files are concise, and because VASP is widely used, the programs
and visualization software supporting its pre- and post-processing are very complete, for example,
VASPKIT, p4VASP, qVASP and VESTA, etc (Momma and Izumi, 2008; Yi et al., 2020; Wang et al.,
2021).

All the first-principles molecular dynamics simulations in this thesis are implemented by the
Quickstep module of CP2K software (Kiihne et al., 2020). CP2K uses the latest GTH mode
conservation pseudopotential to describe the state of electrons in the atomic nucleus, and uses the
mixed Gaussian plane wave (GPW) method to calculate the KS equation through DFT. Therefore, for
the optimization of electronic steps, CP2K can use more cutting-edge algorithms, especially OT
(Orbital Transformation) algorithms. The OT algorithm finds the ground state density (wave function)
by directly minimizing the KS energy (expressed in Gaussian basis) with the wave function
coefficient as a function, which means that there is no need to do expensive diagonal calculations,
and the electronic step convergence speed is very fast. Thousands of atoms of FPMD can be
performed. At present, CP2K has been widely used in solid phase, liquid phase, molecular and
biological systems. The trajectory analysis and visualization of molecular dynamics use VMD
software.

In this thesis, the SCMs was constructed using the thermodynamic software PHREEQC
(Parkhurst and Appelo, 2013). PHREEQC is widely used to simulate the chemical reaction and
transport process of aqueous solution in natural environment or laboratory. The procedure is based
on the equilibrium chemistry of aqueous solutions with surface interactions such as exchange and
adsorption of minerals, gases, and solid solutions. The thermodynamic database of chemical

components in aqueous solution uses THERMOCHIMIE v.11a (Giffaut et al., 2014).
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Chapter 3. Mechanism of Uranyl Adsorption on the Orthoclase (001) Surface

3.1 Introduction

In the context of geological disposal based on the multi-barrier concept, the migration of
radionuclides in natural aqueous systems is an ongoing concern in environmental research and for the
long-term performance of nuclear waste repositories. Granite is considered as host rock formation in
many countries due to its high compressive strength, low total porosity, good thermal conductivity
and thermal stability for future disposal sites of high-level radioactive wastes (Jin et al., 2014, 2016).
The retardation and transport of radionuclides in geological environments are primarily affected by
their sorption/desorption reactions at solid/solution interfaces, which could be predicted by surface
complexation models (SCMs). Granite is a multi-component igneous rock composed mainly of quartz
and alkali feldspar (orthoclase and microcline). For the modeling of radionuclides on multi-
component minerals, the main methods are component additivity (CA) and generalized composite
(GC) methods (Davis et al., 1998, 2004). The CA method needs to consider the relevant information
of each component of the mineral. In contrast, the GC method homogenizes all the component
minerals, but with the assumption that each component of the mineral should not be strong site-
specific.

Uranium is a commonly studied radionuclide based on its relatively high abundance in the
environment, which exists as the most stable form of uranyl (UO2**). Both CA and GC models have
been successfully applied to the adsorption model of uranyl on granite. Therefore, it is of profound
significance to clarify the uranyl adsorption specificity properties of the main component mineral of
granite for the accuracy and reliability of the models. At present, the adsorption properties of U(VI)
on quartz have been characterized on multi-scales, but the mechanism of the corresponding site-
specific complexation of U(VI) on feldspar is not well understood. Only a few data and rare
spectroscopic evidence for the U(VI) sorption onto feldspar. Richter performed batch experiments
combined with time-resolved laser-induced fluorescence spectroscopy (TRLFS) and in situ
attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy to confirm the
presence of mononuclear uranyl species on the surface of orthoclase (K-feldspar) (Richter et al.,
2016). Kerisit and Liu simulated U(VI) adsorption on nano-sized fractures of orthoclase and
concluded that UO»** directly bonded to surface hydroxyl oxygen (Kerisit and Liu, 2012). For albite
(Na-feldspar), Walter et al. observed an inner-sphere, mononuclear, bidentate uranyl surface

38

Thesis Pengyuan Gao — 2023
ISTO



Mechanism of Uranyl Adsorption on the Orthoclase (001) Surface

complexes using Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy at pH 5.8 and 5
x 10" mol/L U(VI) concentration (Walter et al., 2005). However, such information on U(VI) feldspar
surface species does not provide particular complexation sites on the surfaces, which makes it unclear
about the adsorption specificity on the surface. A proper characterization of the U(VI) interaction with
feldspar is still missing.

The density functional theory (DFT) method has proven to be a powerful tool and is successfully
applied in the study of actinide adsorption on mineral surfaces. Kremleva et al. have performed a
series DFT studies of the atomic structure of uranyl adsorption on edge surfaces of kaolinite as well
as montmorillonite and proposed possible binding surface sites and major surface species of uranyl.
Furthermore, the adsorption of U(VI) on silica also has been extensively studied using DFT
calculations. Wang et al. identified the =SiO(H)SiO(H) site on silica (001) surface is the most stable
site for binding uranyl and the binding strength becomes weaker as the site protonated (Wang et al.
2015). In addition, the basic electronic properties of uranyl on silica surface have been further studied.
These studies suggested possible complexing sites for U(VI) on silica as well as the interactions of
major surface species. Thus, information at the atomic and electronic scales can be used for detailed
properties investigations of mineral adsorption mechanisms. However, the characterization of the
interaction of U(VI) with feldspar surface sites at such level remains unexplored.

In this study, DFT calculations and periodic slab models were utilized to investigate the
adsorption of uranyl on the orthoclase (001) surface. Structures of the inner- and outer-sphere as well
as bidentate and monodentate complexes types of surface complexation were examined and the
formation and binding energies were also estimated. Bader charge analysis and electron density
difference were carried out to understand the charge transfer during the adsorption process and local
density of states (LDOS) were also analyzed comprehensively to explore the bonding mechanism.
By comparing the calculated results with uranyl at the silica surface sites, a generalized site =SOH,°
which originated at the atomic level was used to construct an SCM of uranyl on granite.

3.2 Calculation Details and Models

3.2.1 Calculation Details

All the calculations were performed using the Vienna Ab initio Simulation Package (VASP)
which based on first principles density functional theory. We applied the generalized gradient

approximation (GGA) in the form of Perdew—Burke—Ernzerhof (PBE) exchange correlation potential,
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and the effect of core electrons was described by the full-potential projector augmented (PAW)
method as implemented in VASP. Scalar relativistic effects were incorporated into effective core
potential via explicit mass-velocity and Darwin corrections. Integrations in the Brillouin zone were
performed using a (2 x 2 x 1) k-point grid generated with the Monkhorst-Pack grid centered at the /-
point and carried out to the orthoclase bulk and surface models. An energy cutoff of 500 eV was
adopted for surface models and the orthoclase bulk (to reduce the effect of Pulay forces when the unit
cell is optimized). A generalized Gaussian smearing method was applied with the smearing width 0.2
eV. In geometry optimizations, the total energy was converged to 10~ eV, and forces acting on all
unconstrained atoms were required to be less than 0.02 eV/A. The energy was taken from one
additional static run. In order to evaluate the effects of van der Waals interaction, the empirical
dispersion corrections have been computed by using the DFT-D3 (BJ) method in several
configurations (Grimme et al., 2010, 2011).

3.2.2 Models

Orthoclase (KAISi3Og) is a feldspar with a silicate framework corner-sharing AlO4 and SiO4
tetrahedral form a three-dimensional lattice within which potassium ions fills a cavity to provide
charge compensation for the substitution of Al for Si. The optimized primitive unit cell parameters of
orthoclase area=8.72 A,b=13.11 A, c=7.33 A and 0 =90.95°, B = 116.03°, y = 88.03°, in accordance
with that from experiment.

The hydroxylated orthoclase (001) surface modeled by a periodic slab were done according to
Kerisit et al (Kerisit et al., 2008). Terminal of surfaces were tetrahedral by distinct Si/Al sites. As a
result, both the top and bottom faces of the mineral slab consisted of a full layer of non-bridging
oxygens (both faces are therefore identical), which leads to relatively good sorption abilities (Figure
3.1). The initial configuration of the complete hydroxylated surface was obtained by saturating the
terminal O atoms on the top and bottom surfaces with hydrogen atoms. The slab was repeated
periodically in the z-direction with a vacuum region of 15 A. A (2 x 1) supercell with a dimension of
(17.43 A x 13.11 A x 22.77 A) was used to study the uranyl adsorption. All atoms above the first
layer K were allowed to fully relax while the bottom layer was fixed during optimization. There are
four types surface groups =Si;YO(H), =Si.YO(H), =Si*O(H) and =AlO(H). The =Si;YO(H) and
=Si,YO(H) sites were in the upper position, whereas =Si*O(H) and =A10(H) were situated in a lower

position relatively (Figure 3.1b). =Si;YO(H) connected =Si*O(H) site via bridge oxygen atom,
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whereas =Si;YO(H) connected to =A1O(H). Furthermore, the surface sites may be deprotonated

(=Si0/Al0) or remain protonated (=SiOH/AIOH) at different pH conditions.

Figure 3.1 Top view of (a) the hydroxylated orthoclase (001) surface and (b) side view of hydroxylated orthoclase
(001) surface.

The calculation of binding energy (AEbvind) and the derivation of formation energy (AEfom) were
done according to Pan et al. and Kremleva et al., respectively (Kremleva et al., 2011, 2015; Pan et al.,
2012). The changes of zero point energy (ZPE) for the whole system during the adsorption process
would be rather small since there just forms one or two chemical bonds of U and surface O,
accordingly, the correction of zero point energy (ZPE) was not considered here. The program VASP
provides accurate compensating corrections for charged unit cells of cubic lattices only. Therefore,
we optimized the structures of the molecular species [UO2(H20)s]*", H>0, and H3O" in simple cubic
unit cells of 15 x 15 x 15 A3, For the slab model, a neutral unit cell was constructed by deprotonating
one or two OH surface groups in the bottom surface.

3.3 Results and discussion

3.3.1 Inner-sphere Complexation Structures

The optimized configurations of inner-sphere bidentate and monodentate surface complexes
were shown in Figure 3.2 and the key geometrical parameters, formation energies and binding
energies were collected in Table 3.1.

For the most stable doubly deprotonated =A10SitO complex, as shown in Figure 2a, the two U-
Os distances are calculated to be 2.01 for aluminol Os and 2.31 A for silanol Os atom, which indicated
that aluminol had a stronger bond ability. Due to =A10Si"O in a lower vacancy site, UO2*" group
could adapt itself to interact with the closest hydroxyl group via a hydrogen bond with an O-Hs
distance of 1.89A. Hydrogen bonds were also formed between two H>O molecules close to the surface.
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The surface oxygen (Os) with the Hy-Os distance of 1.63 and 1.86 A respectively, and the surface
hydrogen (Hs) with the Hs-Oy distance of 1.88 A. In contrast, for the =Si;Y0Si,"O complex, the
complex exhibited U-Os bonds of 2.16 and 2.25 A with an average bond length of 2.20 A. The
similarity in the average U-Os bond of the =A10Si"O site complex (2.16 A) suggested that both sites
have analogous ability to bind uranyl. Notably, the uranyl bidentate surface complex with U-Os of
2.13 and 2.15 A were also calculated at =SiOSiO site on the silica (001) surface. In regards to the
energetics, the uranyl binding energies were calculated to be -7.64, -7.08 and -8.69 eV at =A10Si*O
and =Si;Y0Si,V0 sites on orthoclase and =SiOSiO site on silica, and the formation energies were
endothermic by 4.80, 5.18 and 4.63 eV, respectively. The atomic structures and energetic indicated
that the silica surfaces were similar to orthoclase surfaces for binding uranyl.

The adsorption configurations on partially and complete protonated sites were also simulated.
Compared to =A10Si O site, the complexes at =AIOHSi O site had longer U-O; distances of 2.39
and 2.43 A and much longer distances of 2.60 and 2.62 A at =AIOHSi"OH site, indicating a weaker
bond of uranyl and orthoclase surface as the increase of surface site protonation. The binding energies
were calculated to be -4.26 and -1.52 eV at =AIOHSi*O and =AIOHSi"OH sites, whereas the
formation energies were -1.91 and -6.17 eV. Energetics suggested that protonation of surface sites
weakens the binding, however, the protonated sites were thermodynamically more favorable because
the surface deprotonation was much endothermic. Simultaneously, the consistent trend was also
followed for the =SijYO(H)Si;YO(H) sites on orthoclase (001) surface and
=SiO(H)SiO(H)/=SiO(H)O(H) sites on silica (001) surface. Variations in surface protonation might
affect the surface complexation configuration. For =Si;YOHSi»VO site, the uranyl moiety exhibited
one contact to the =Si,Y0 site and coordinated three aqua ligands in the first solvation shell, thus
exhibiting the uranyl coordination number (CN) of 4. The Hy-Os hydrogen bonds with distances of
1.62 A and 1.72 A played a key role for the structural adaptation, which do not exist at the
=Si;Y0S1,Y0, =Si;Y0OSi,YOH and =Si;YOHSi,YOH sites.

Inner-sphere monodentate complexes at =Si;YO(H), =Si."O(H), =Si*O(H) and =AIOH sites
were also investigated, including protonated and deprotonated site configurations. The four H.O
molecules are still in the first coordination shell with the U-Oy distances around 2.60 A. The U-O
distances at =Si;V0, =Si,Y0 and =Si*O sites were 2.17,2.23 and 2.23 A, respectively, and the binding

energies were -3.28, -3.87 and -4.01 eV. For the uranyl monodentate complexes at =SiO site on silica

42
Thesis Pengyuan Gao — 2023
ISTO



Mechanism of Uranyl Adsorption on the Orthoclase (001) Surface

(001) surface, the U-Os distance was 2.25 A and the binding energy was -6.10 eV. The U-Os bond
suggested that uranyl monodentate complexes on orthoclase were structurally similar to the silica
surface, whereas the binding energies suggested that monodentate complexes on the silica surfaces
were slightly stable compared to the orthoclase surfaces. In addition, the binding ability of uranyl
bidentate complexes at partially deprotonated sites and monodentate complexes at deprotonated sites
was similar for both orthoclase and quartz surfaces, which indicated that one type of site could be
used to represent the two complexes in SCMs. In contrast, the monodentate surface complexes at the
protonated =Si;YOH, =Si,YOH, =Si*OH and =AIOH sites were the most unstable in the inner-sphere
complexation mode, which was also found in the uranyl monodentate complexes at =SiOH site on

silica (001) surface (Wang et al., 2015).

Table 3.1 The structural parameters (in A for bond length and degree for bond angle), binging and formation
energies (in eV) of bidentate complex for the adsorption of uranyl on the orthoclase (001) surface.

Sites U-O; U-O¢ Z0U0 O-Hs H,-Os O,-H; AEping AEform
=AlOSitO 2.01,2.31 1.83,1.84 167.5 1.89 1.63,1.86 1.88 -7.64 4.80
=AIOHSi'O 2.39,2.43 1.83,1.81 171.9 1.94 1.61,1.81 1.99 -4.26 -1.91
=AIOHSi'OH 2.62,2.60 1.83,1.83 175.2 1.98 1.84,1.88 -1.52 -6.17
=Si,Y0Si,"0 2.16,2.25 1.82,1.82 168.1 1.72 -7.08 5.18
=Si,Y0Si,"OH 2.18,2.57 1.82,1.82 168.0 2.30 -4.20 0.92
=Si;YOHSi,"0 2.14 1.81,1.82 169.2 1.62,1.72 -4.42 0.92
=Si;VOHSi,"OH  2.48,2.57 1.82,1.82 1753 1.79 -1.03 -3.34
=AIOH 2.66 1.82,1.83 176.3 1.90 1.57,1.48 -0.93 -5.87
=SitO 2.23 1.82,1.84 170.9 1.93 1.75,1.80 -4.01 -1.61
=SilOH 2.69 1.81,1.83 176.1 1.69,1.47 2.19 -0.33 -5.87
=Si,Y0 2.17 1.82,1.83 170.2 1.55 -3.28 1.22
=Si,YOH 2.69 1.82,1.83 177.5 1.58,2.06 2.47 -0.65 -3.04
=Si,Y0 2.23 1.82,1.81 172.8 1.72,1.69 -3.87 1.22
=Si,"OH 2.63 1.82,1.83 175.2 1.73,1.74 -0.62 -3.04
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Figure 3.2 Optimized adsorption configurations of uranyl adsorbed on the hydroxylated orthoclase (001) surface.
Inner-sphere bidentate and monodentate complexes (a) =AlOSitO, (b) =AIOHSi'O, (c) =AIOHSi*OH, (d)
=Si,Y08S1,V0, (e) =Si;"0Si,"0H, (f) =Si;OHSi,"0, (g) =Si;"OHSi,"OH. (h) =AIOH, (i) =Si*O, (j) =Si*OH, (k)
=Si,V0, (1) =Si;YOH, (m) =Si,"OH, (n) =Si,"OH.

3.3.2 Outer-sphere Complexation Structures

The key geometrical parameters, formation energies and binding energies of outer-sphere
adsorption complexes were collected in Table 3.2 and the equilibrium configurations of outer-sphere
complexes located on the =AIOHSi*OH and =Si;"OHSi,"OH sites were shown in Figure 3.3,
respectively. The hydrogen bonds were formed between the two H>O ligands near the surface and the

surface O atoms with the Hy-Os distances of 1.64 and 1.73 A for =AlOHSiYOH site and 1.74 and 1.83
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A for =Si;"OHSi,"OH sites. The U-O; bonds are 1.82 and 1.83 A for =AIOHSi"OH and

=Si;YOHSi,"OH sites respectively. The binding energy was considerably smaller because only
hydrogen bonding interaction was built in the outer-sphere complex by -0.11 and 0.04 eV respectively,
indicating the interaction between uranyl and the surface was considerably weaker. Moreover, the
formation energy was -5.57 and -2.75 eV on =AlOHSi*OH and =Si;YOHSi;YOH sites, which
suggested the outer-sphere complexes is also thermodynamically feasible. In addition, the empirical
dispersion corrections of DFT-D3 (BJ) method showed that the dispersion correction had a significant
influence on the bonding energy (-0.95 and -0.61 eV) which made the bond more stable and a slight

effect in the adsorption structures.

Table 3.2 The structural parameters (in A for bond length and degree for bond angle), binging and formation
energies (in eV) of outer-sphere complex for the adsorption of uranyl on the orthoclase (001) surface.

Model U-Oy Z0U0;  Hy-Os AEbing AEform

=AIOHSi'OH 1.82,1.82 173.2 1.64,1.73 -0.11 -5.57
1.82,1.83 170.2 1.64,1.66 -0.95

=Si;YOHSi,"OH 1.83,1.83 174.5 1.74,1.83 0.04 -2.75
1.83,1.83 173.5 1.74,1.85 -0.61

2 The values in italic are obtained with the DFT-D3(BJ) method
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Figure 3.3 Optimized adsorption configurations of uranyl adsorbed on the hydroxylated orthoclase (001) surface.
Outer-sphere complexes (a) =AIOHSi"OH, (b) =Si;"OHSi,"OH.

3.3.3 Electronic Structural Properties
Charge density difference was able to describe the electron rearrangement between two atoms

when a molecule was adsorbed on a surface. The difference charge density is defined as:

APZ P ranyUsurtace Puranyl Psurtace
in which puranyl/surface, Puranyl and psurface Were the electron densities of the adsorption complex, solvated
uranyl and slab surface before adsorption, respectively.

The plot of the typical sites =AIO(H)Si*O(H) of the charge density difference for the uranyl
adsorption is shown in Figure 3.4a-3.4c. In the plot of electron density difference, the yellow regions
represented the accumulation of electrons and the blue regions represented the depletion of electrons
respectively. The color distribution showed that there was significant electron depletion around U
atom and accumulation around the surface oxygen Oy atom, indicating that the electron density
mainly transfers from U to Os, and form chemical bond between U and Os. It is noted that there is
also a small amount of electron transfer of Hw, Ow, Hs and Os, corresponding to the hydrogen bond
which mentioned in the interaction between water and montmorillonite (Peng et al., 2016).

Based on Bader’s theory of atoms in molecules (AIM), we have also calculated the Bader atomic
charge of each atom quantitatively and clearly to understand the flux of electrostatic interaction during
the adsorption process. The corresponding results for these adsorption complexes are listed in Table
3.3. Atoms of surface oxygen Os denoted some electrons during their complexation with uranyl and
the surface was negatively charged after adsorption with a value varied from -1.27 to -0.90 |e|. The
value gets smaller compared to the intact surface, indicating that the charge transfer in the adsorption
process weakens the electrostatic interaction between uranyl and the surface. In the inner-sphere
adsorption complexes, the surface charge value becomes smaller as the increase of surface H atoms
at the adsorption sites, indicating that the charge-charge interaction becomes weaker which was
entirely consistent with previous section from bonding energy standpoint. In the outer-sphere
adsorption complex, the Bader charge is similar to the inner-sphere complexes, indicating that the
outer-sphere complex also has electrostatic interaction in addition to hydrogen bonding interaction.

However, more remarkable, chemical bonding is the most important interaction in the inner-sphere
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complexes.

Figure 3.4 The charge density difference for uranyl adsorption at (a) =A10Si*O, (b) =AIOHSi"O, (c) =AIOHSi*OH.

Isosurfaces of charge density were 0.005 e/A>.

Table 3.3 The Bader charge (Qs in |e|) of surface in the Inner-sphere bidentate, monodentate complexes and outer-

sphere complexes.

Bidentate Qs Monodentate Qs Outer-sphere Qs
=AlOSitO -1.16 =AlIOH -0.90 =AIlOHSi*OH -0.97
=AIOHSi*O -1.15 =Si*OH -0.92 =Si,YOHSi,"OH -0.96
=AIOHSi*OH -0.92 =Si,YOH -0.95
=S1,V0Si,Y0 -1.27 =Si,VOH -0.95
=Si,Y0Si,"OH -1.16 =SitO -1.13
=Si;YOHSi,"0 -1.15 =Si,Y0 -1.16
=Si,;YOHSi,"OH -0.93 =Si,Y0 -1.18

Further analysis by projected density of states confirms the bonding nature among atoms. The
PDOS of aluminum oxygen atom, silicate oxygen atom and uranium atom in the four types of
adsorption configurations were shown in Figure 3.5. The orbital overlapping part was below and
nearest the Fermi level. Both the U f orbital and the U 6d orbital hybridized with the O p orbital, in
addition, the U f orbital hybridizes with O p orbital to a much higher degree and within a higher
energy range than the U 6d orbital. It is found that the U f and d orbital show strong hybridization
with the O p at both =A10SitO and =Si;Y0Si,"0 sites in the range of -5 to 0 €V, indicating strong
chemical bonds are formed.
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At =Al10SitO site, the U f and d orbital hybridize with the O p in the range of -6 to -2 eV, and

the silica oxygen p orbital shows a stronger hybridization than alumina oxygen p orbital. While the
hybridization is not obvious at =A10HSi*OH site, mainly involved in hybridization is the U d orbital.
The oxygen O p orbital at protonated site were much localized, indicating the bonding between the
two atoms is weak. Similarly, compared with previous result, strong U-Os bonds ranging from 2.01

to 2.39 A and weak U-Os bonds ranging from 2.43 to 2.69 A.

Figure 3.5 Local density of states (LDOS) for uranyl adsorption at =Si;"0Si,"0, =Al0Si*O, =AIOHSi*O and

=AlOHSi"OH sites. The Fermi levels are set to be zero.

3.4 Summary

Table 3.4 Generalized summary of silica and feldspar surface sites in SCMs

DFT
SCM
Silica (001) Orthoclase (001)
=Si00, =Si0Si0 =AlO0Sit0, =Si,Y0Si,Y0 =S0%
=Si0SiOH, =SiO0 =AlOHSi 0, =Si;"0OHSi,Y0, =Si,Y0Si,V0H, =Si,Y0, =Si,"0  =SOH"

=SiOHOH, =SiOHSiOH, =SiOH  =Si;YOHSi,YOH, =AlIOHSi"OH, =Si;"OH, =Si,"OH, =AIOH = =SOH,"

From our calculations of uranyl adsorption on orthoclase and previous work on silica, a

categorization of surface adsorption sites seems to be possible. Table 3.4 presents a typology of all
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adsorption sites according to the complexation structures, energetics and electronic properties of
uranyl on orthoclase (001) and silica (001) surfaces. This typology provided a well-defined guideline

for a two-proton surface site as a homogenization site for multi-component granite.
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Chapter 4. Structures of Multinuclear U(VI) Species on Hydroxylated a-SiO: (001)

Surface: Density Functional Theory Study

4.1 Introduction

Because of the wide distribution of uranium in the environment and the growing public concern
about radioactive pollution, many efforts have been devoted to understanding U(VI) adsorption on
minerals. Similar to other heavy metals, a quantitative description of U(VI) adsorption on minerals
has been carried out with surface complexation models (SCMs), in which surface functional groups
are defined as surface ligands that interact with adsorbate to form surface complexes, including
surface reactions of uranyl (UO»?") and its mononuclear hydrolysis species (Clark et al., 1995;
Zielinski et al., 1997; Burns and Finch, 1999; Tan et al., 2010; Geckeis et al., 2013; Liu et al., 2022).
To improve confidence in the safety assessment of radioactive waste disposals and the predictions of
uranium mobility in contaminated areas, it is necessary to check the validity of SCM predictions with
adsorption data measured under a wide range of conditions, but also to verify the nature of surface
species using spectroscopic characterization. Mononuclear U(VI) surface complexes have been
extensively characterized by using e.g. Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy, Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) and Attenuated
Total Reflectance — Fourier Transform InfraRed (ATR-FTIR)spectroscopy. For instance, Sylwester et
al. investigated U(VI) adsorption on silica, alumina, and montmorillonite surfaces at pH 3.1-6.5 using
EXAFS spectroscopy, and found that uranyl forms mono/bidentate inner-sphere surface complexes
besides outer-sphere species (Sylwester et al., 2000). Gabriel et al. identified two fluorescent surface
complexes, i.e., =Si0,UO° (at pH 5.5) and =SiO,UO,OH- (at 7.7), and a third nonfluorescent
=Si0,UO>OHCOs* surface species for U(VI) adsorption on silica under atmospheric according to
TRLFS (Gabriel et al., 2001). In addition, simulation methods based on density functional theory
(DFT) and molecular dynamics (MD) have also been applied to reveal the structures of mononuclear
U(V]) surface complexes, which reported the preference of uranyl and its mononuclear hydrolysis
species to form inner-sphere bidentate surface complexes by coordinating with neighboring hydroxyl
sites on the surface (Wang et al., 2015, 2017). The structures of mononuclear U(VI) surface
complexes on silica surfaces have been revealed using DFT and first principle molecular dynamic

(FPMD) simulations. Good agreement between DFT/MD simulations and spectroscopic
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investigations regarding structural information benefits the proposition of reliable SCM for
engineering applications.

SCMs based on mononuclear U(VI) surface complexes are usually successful in fitting the
adsorption data collected at low U(VI) concentrations. However, SCMs that consider only
mononuclear U(VI) surface complexes can hardly fit U(VI) adsorption data obtained at high U(VI)
concentrations, especially under conditions where multinuclear aqueous U(VI) species dominate
(Wolthers et al., 2006; Marques Fernandes et al., 2012; Zhang et al., 2018; Tournassat et al., 2018).
In contrast, if multinuclear U(VI) surface species are included, SCMs show better fitting performance
to the experimental data. The formation of multinuclear U(VI) surface species at high U(VI)
concentrations and near-neutral pH values are supported by many spectroscopic investigations. For
instance, Kowal-Fouchard et al. ascribed the species with a fluorescence lifetime of 400 us to a
multinuclear U(VI) surface species =SiO(UO2)3(OH)s on smectite under pH 5.0 in an air atmosphere
(uranium concentration of 1x10** mol/L) (Kowal-Fouchard et al., 2004). Similarly, Baumann et al.
attributed a longer fluorescence lifetime of U(VI) surface species on gibbsite at pH 8.5 (uranium
concentration of 1x107 mol/L) to multinuclear U(VI) surface species in the air atmosphere (Baumann
et al., 2005). The EXAFS spectroscopy results from Hattori et al. evidenced a U-U distance of 4.30
A (pH 5.6) and 3.92 A (pH 9.7) for gibbsite under N, atmosphere ([U(VI)] = 1x105 mol/L), which is
close to the theoretical distance of binuclear U(VI) species in aqueous solutions. Sylwester et al.
found similar U-U distances for systems of U(VI) adsorption on silica (3.97 A) and alumina (4.01 A)
in an air atmosphere ([U(VI)] = 4x10~° mol/L, pH ~ 6.5) (Sylwester et al., 2000).

Multinuclear U(VI) surface species are important for comprehensively understanding U(VI)
adsorption on mineral surfaces, while their structures have been rarely investigated. The possible
surface configurations of multinuclear species include both end-on and side-on modes (Figure 4.1).
Up to date, only two examples of binuclear U(VI) surface species at aluminol sites have been reported.
Hattori et al. investigated the surface structures of a di-hydroxyl bridging binuclear U(VI) species on
an Al (hydr)oxide hexamer cluster, and their DFT simulation results suggested that binuclear U(VI)
surface complexes in corner-sharing and/or edge-sharing binding modes coexist on gibbsite surfaces
(Hattori et al., 2009). By using FPMD, Zhang et al. investigated the adsorption mechanism of U(VI)

on the (010) surface edge of montmorillonite and identified a di-hydroxyl bridging binuclear U(VI)
51

Thesis Pengyuan Gao — 2023
ISTO



Structures of Multinuclear U(VI) Species on Hydroxylated a-SiO»(001)
Surface: Density Functional Theory Study

surface complex. The surface complex can be regarded as the adsorption of (UO2)2(u-OH)2(H20)6>*
in an end-on mode, in which p represents the bridge hydroxyl group. Besides U(VI), multinuclear
surface species have also been studied as an important topic for the distribution of other actinides in
the environment (Zhang et al., 2018).

Knowledge of the adsorption of U(VI) on silica is of great significance to the geological disposal
of nuclear waste in granite formations. To understand the adsorption of multinuclear U(VI) surface
complexes on a-SiO; (001) surface, which is a key component to constitute an extensive
understanding of the behavior of uranyl on the silica surface. Here we reported DFT simulations to
reveal the configurations of surface complexes of binuclear and trinuclear U(VI) species at different
surface sites. Both end-on and side-on binding modes were considered, and preferential adsorption
modes were identified based on calculated binding energies. Charge transfer during the adsorption
was interpreted by Bader charge and charge density difference analysis. Valence electron localization
function (ELF) and projected density of states (PDOS) of the surface silanol oxygen atom and the
binding uranium atom in the surface structures were calculated to reveal the change in the chemical
environment upon adsorption. The results provide insights into a molecular level of understanding of
the U(VI) adsorption mechanism under conditions where multinuclear U(VI) species are important

in the aqueous phase.

Figure 4.1 Schematic of end-on and side-on modes for bi-nuclear and tri-nuclear structures
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4.2 Theoretical Methods and Models

4.2.1 Computational Details

All the calculations were performed using the Vienna Ab initio Simulation Package (VASP)
which is based on periodic density functional theory. The generalized gradient approximation (GGA)
in the form of Perdew—Burke—Ernzerhof (PBE) exchange-correlation potential was applied, and the
effect of core electrons was described by the full-potential projector augmented (PAW) method as
implemented in VASP.*>* Scalar relativistic effects were incorporated into effective core potential
via explicit mass velocity and Darwin corrections. Integrations in the Brillouin zone were performed
using a (2 x 2 x 1) k-point grid generated with the Monkhorst—Pack grid centered at the /-point. The
electron localization function (ELF) and the electronic density of state (DOS) were calculated using
a denser (3 x 3 x 2) k-point grid. A cutoff energy of 500 eV was adopted for surface models and the
bulk to reduce the effect of Pulay forces when the unit cell was optimized. A generalized Gaussian
smearing method was applied with a smearing width of 0.2 eV. In geometry optimizations, the total
energy was converged to 107 eV, and forces acting on all unconstrained atoms were required to be
less than 0.02 eV/A. All the energy was taken from one additional static run. The calculation of
binding energy (AEbvind) was done according to Pan’s work, (Pan et al., 2012)

AEbind = Esc - Ex'

where E. referred to the energy of the optimized surface complex and E. the energy of the system
in which the free multinuclear species and the surface were kept apart at 8.00 A. At a span of 8.00 A,
the interaction between the adsorbate and the surface was weak enough to mimic the non-interacting
scenario to obtain a semi-quantitative value of 4Evina. The changes in zero-point energy (ZPE) for the
whole system during the adsorption process would be rather small and accordingly the correction of
zero-point energy (ZPE) was not considered.

4.2.2 Models

The experimental values of the primitive unit cell parameters of a-SiO; were adopted, i.e. a =
499 A,b=4.99 A, c =550 A, 0. =90.3°, B = 89.9° and y = 120.2°. The hydroxylated a-SiO> (001)
periodic slab with three O-Si-O layers was established by saturating the terminal O atoms on both top
and bottom surfaces with hydrogen atoms (Figure 4.2). The pK, values corresponding to the

deprotonation reaction of those surface functional groups have been predicted to be 5.6-11.2,
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suggesting that the silanols could dissociate in the common pH range in the solution. A neutral unit

cell was constructed by deprotonating hydroxyl groups on the bottom surface. The slab was repeated

periodically in the z-direction with a vacuum region of 20 A. A (v/2x/2) orthorhombic surface was

created by redefining the lattice, and then a (2x1) supercell with a dimension of 17.21 x 14.90 x 26.01
A3 was used to study the adsorption of multinuclear U(VI) species on the top surface. The two upper
layers were allowed to fully relax while the bottom layer was fixed during optimization. The initial
structures of the multinuclear U(VI) adsorbates in an aqueous solution, ie., (UO)0OH**,
(UO2)2(OH)»** and (UO2)3(0)(OH)s* (see Figure 4.3), were taken from the work of Tsushima et al.,
which were obtained based on both DFT calculation and spectroscopic (EXAFS, FTIR, UV-vis)

investigation (Tsushima et al., 2007).

Figure 4.2 Elucidation of possible species on the hydroxylated a-SiO, (001) surface. O-O distance: 2.65 A for
=SiO(H)O(H), 2.71 A for =SiO(H)SiO(H); Si-Si distance: 4.93 A for =SiO(H)O(H)-SiO(H)O(H), 8.60 A for
=SiO(H)vSiO(H).
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Figure 4.3 Geometries of bi- and tri-nuclear uranyl complexes in aqueous phase: (a) (UO2)2(u-OH)(H20)s*", (b)
(UO2)2(u-OH)2(H20)s™" and (c) (UO2)s(p-O)(1-OH)3( H20)s'".

4.3 Results and Discussion

4.3.1 Adsorption Configuration

4.3.1.1 Adsorbates and Adsorption Sites

Depending on U(VI) total concentration, multinuclear U(VI) species occur around neutral pH
values (Figure 4.4). In this study, three typical multinuclear U(VI) species in an aqueous solution are
considered adsorbates (see Figure 4.3). Since silanols on the surface can exist in either their neutral
or negatively charged (deprotonated) form under weak alkaline conditions, when more than one
silanol is involved in surface complexation, different hydrolysis states of silanols (neutral or in
deprotonated forms) are considered in this study except for the adsorption of (UO2)3(O)(OH)s".

Compared to (UO.)(OH)**and (UO2)2(OH)**, (UO2)3(0O)(OH)s* are considered only for
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deprotonated silanol sites. Because of the differences in the adsorbate configuration and the binding
mode, a variety of sites on the a-SiO> (001) surface are involved in the adsorption of multinuclear

U(V]) species, which are listed in Table 4.1 and schematically shown in Figure 4.2.

Figure 4.4 U(VI) speciation at concentrations of 10°-10° M in 0.1mol/L NaCl solution at 25°C. The PHREEQC
code with THERMOCHIMIE v.11a thermodynamic database was used in speciation calculations.

Table 4.1 Typical a-SiO2 (001) surface sites involved in the adsorption of binuclear and trinuclear U(VI) species.
For each adsorbate, the end-on and the side-on binding modes require different sites. All sites are schematically

shown in Figure 4.2.

Adsorbate Binding mode Sites
=Si00 =SiOHO =SiOHOH
End-on
(UO,)2(OH)** =Si0SiO =SiOHSiO =SiOHSiOH
Side-on =Si00-Si0O0  =SiOHO-SiOHO =SiOHOH-SiOHOH
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=Si00 =SiOHO =SiOHOH
End-on
(UO2)2(OH)* =Si0SiO =SiOHSiO =SiOHSiOH
Side-on =SiOvSiO =SiOHySIO =SiOHvSiOH
=Si00
End-on
(UO»)3(0)(OH)5* =Si0SiO
Side-on =SiOvSiO

For each adsorbate of multinuclear U(VI) species, there are two possible binding modes in terms
of the approaching orientation to a-SiO2 (001) surface. In the first mode (see Figures 4.5a-4.5f and
Figure 4.6), only one uranium atom chemically bonds to surface silanols, which results in an end-on
binding/adsorption structure. The adsorption may happen at sites =SiO(H)O(H) and =SiO(H)SiO(H),
respectively.

In the second mode (Figures 4.5g-4.51 and Figure 4.7), two uranium atoms of the same adsorbate
coordinate simultaneously with two properly oriented silanols, which leads to the formation of a side-
on binding/adsorption structure. The silanols of the site match the adsorbate configuration and enable
two chemical bonds to be simultaneously formed with two uranyl moieties of the adsorbate. As shown
in Figures 4.5g-4.51 and Figure 4.7, =SiO(H)O(H)-SiO(H)O(H) and =SiO(H)vSiO(H) (v represents a
cavity between two silanols), with adjacent Si-Si distances of 4.93 and 8.60 A, respectively, are two
possible sites for the side-on adsorption mode.

For the adsorption of tri-nuclear uranyl complexes (UO2)3(n-O)(n-OH)3(H20)6", the
simultaneous participation of all three uranyl moieties requires a corner topology to accommodate
the complex, and is not considered here. We focus on the adsorption of the complex on a flat surface
for a fair comparison with the adsorption of di-nuclear uranyl complexes. In the DFT calculations,
the surface complexes in both modes are initially prepared in a way that the penta-coordinated uranyl
moieties of the adsorbate lose one or two of the aqua ligands to coordinate with the silanols of the

above-mentioned surface sites.
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Figure 4.5 Configurations of the surface complexes in end-on (a-f) and side-on (g-i) binding modes for (UO2)x(p-
OH)(H20)s*", (UO2)2(n-OH)2(H20)6>" and (UO,)3(u-0)(u-OH)3(H20)s" on hydroxylated a-SiO»(001) surface. (a)-
(c) the adsorption at =Si0O0 site; (d)-(f) the adsorption at =SiOSiO site; (g) the adsorption at =SiO0-SiOO site; (h)-
(1) the adsorption at =SiOvSiO site.

4.3.1.2 Structures and Binding Energy

The optimized configurations of the surface complexes in both modes are shown in Figure 4.5,
and the key geometric parameters and the corresponding binding energy are collected in Table 4.2.

When multinuclear U(VI) adsorbates approach a hydroxylated a-SiO; (001) surface in the
perpendicular orientation, one of its uranyl moieties interacts with surface silanols to form a surface
complex in the end-on mode. Two coordinating water molecules in the equatorial plane of the uranyl
are replaced when binding at =Si00 or =Si0SiO sites (see Figures 4.5a-4.5f). In the bidentate surface
complexes, the two bond lengths of U-Osyr are in the range of 2.00-2.40 A, which are shorter than
that of U-Owater (around 2.60 A), implying enthalpic gain upon the formation of the coordination bond
between uranyl and the deprotonated surface silanol sites. For all adsorption species of
(UO2)2(OH)**and (UO,)2(OH)2*", hydrogen bonds are formed between the coordinating H>O on the

uranyl moiety and the accessible silanol Osurt. The Hwater-Osurt distances in the bidentate structures are
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in the range of 1.88-2.14 A (see Table 4.2).

When (UO:)2(u-OH)(H20)s*" approaches the hydroxylated a-SiO2 (001) surface in a parallel
orientation, it can adopt a side-on binding mode to interact with the =SiO0O-SiOO site to form a
“quadridentate” surface complex. Both uranyl moieties of the binuclear adsorbate participate in the
surface coordination, which results in the bidentate coordination of each uranyl moiety with the
surface (Figure 4.5g). In the case of (UO2)2(u-OH)2(H20)6** and (UO2)3(u-O)(u-OH)3(H20)s6", side-
on mode are adopted similarly at the site =Si0vSiO (Figures 4.5h-4.51) but with only one coordination
bond between each uranyl moiety and the silanol group it binds.

The relative stability of the multinuclear surface complexes could be compared in terms of their
overall binding energies on the surface, which vary significantly with the charge of the adsorbate, the
steric hindrance of the site, and the binding mode of the surface complex. For surface complexes
adopting end-on mode at the same site (=Si0SiO or =Si00), the binding energies (AEpind) increase
with the charge of the adsorbate in the order of (UO2)3(u-O)(u-OH)3(H20)s" < (UO2)a(u-
OH)2(H20)6*" < (UO2)2(u-OH)(H20)s** (see Table 4.2), indicating that electrostatic interaction plays
an important role in the adsorption of the multinuclear U(VI) species. The stronger attraction between
the negatively charged surface site and the oppositely charged multinuclear U(VI) adsorbate promotes
the adsorption and results in a higher AEping. The stronger interaction is in line with the shorter U-Os

distance of the formed surface complexes (see Table 4.2).
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Table 4.2 Structural parameters (in A), binging energies (in eV), and bond/dihedral angles (in degree) of (UO,)2(OH)**, (UO2)2(OH),*" and (UO,)3(0)(OH);" surface
complexes at =Si00-Si00, =Si0O0 and =SiOSiO sites.

Binding mode Adsorbate Surface site U-Os U-U U-Si Hyw-Os He-Oy1 Hp-Os ZUO(U/O)U AEbind
(UO,),(OH)** =Si00 2.00, 2.32 4.76 2.98 2.01,2.00 - - 170.49 (158.20)  -6.46
(UO2)2(OH)** =Si00 2.23,2.35 3.75 2.92 2.11 - - 154..05 (164.46)  -5.16

3.78, 3.82,
(UO»)3(0O)(OH)3" =Si00 2.31,2.40 384 2.99 - - - 170.25 (174.24)  -2.66

End-on :

(UO,),(OH)** =Si0SiO 2.16,2.20 491 3.65,3.71 1.88 - - 159.86 (158.20)  -7.22
(UO2)2(OH)** =Si0SiO 2.19,2.23 3.82 3.52,3.71 2.14 - - 154.86 (164.46)  -6.30

3.78, 3.83,
(UO»)3(0)(OH)3" =Si0SiO 2.20,2.20 3.88 3.60, 3.70 - - - 179.81 (174.24)  -4.06

2.16,2.21

(UO,)2(OH)**  =Si00-Si00 598 251 442 3.01,2.95 2.01,2.27 - - 134.71 (158.20)  -9.90
Side-on (UO2)2(OH)** =SiOvSiO 2.20,2.50 3.92 3.79,3.96 1.82,2.08 1.90 1.96 170.78 (164.46)  -5.48

3.79, 3.81,
(UO2)3(O)(OH);"  =SiOvSiO 233,245 4.00 3.88,3.88 1.79 1.72 1.95 177.78 (174.24)  -3.07

2 The values in brackets are the angles of the corresponding molecules

Table 4.3 Structural parameters (in A), binging energies (in eV), and bond/dihedral angles of surface complexes of (UO2)(OH)** and (UO,)2(OH),>" at =SiOHO(H)-
SiOHO(H), =SiOHO(H) and =SiOHSiO(H) sites.

Bind mode Adsorbate Surface site U-0Os U-U U-Si Hy-Os Hs-Oy1  Hp-Os ZU0(0)U AEping
(UO2)2(OH)* =SiOHO 2.20,2.84 4.69 3.22 2.07,2.22 - - 165.57 (158.20) -3.61
(UO,)2(OH),** =SiOHO 2.22,2.63 3.68 3.10 - - - 154..25 (164.46) -2.75

End-on (UO2)2(OH)* =SiOHOH 2.60,2.69 4.61 3.42 1.65 - - 153.66 (158.20) -1.50
(UO,)2(OH),** =SiOHOH 2.56,2.70  3.70 3.38 - - - 155.02 (164.46) -1.26
(UO2)2(OH)* =SiOHSiO 2.16,2.58 4.67 3.58,4.00 2.05 - - 166.35 (158.20) -4.21
(UO,)2(OH),** =SiOHSiO 2.11,2.49 376 3.60,3.93 1.82 - - 158.78 (164.46) -3.48
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(UO2)2(OH)** =SiOHSiOH 251,269 474 394,402 1.88,2.26 - - 166.31 (158.20) -1.56
(UO2)2(OH),** =SiOHSiOH 252,254 371 3.91,4.08 1.65 - 158.41 (164.46) -1.50

243,243,
(UO2)2(OH)** =SiOHO-SiOHO 553 277 443 334,322 1.97 - - 142.28 (158.20) -5.66

2.54,2.60,
Side-on (UO2)(OH)*"  =SiOHOH-SiOHOH 575 379 458 3.45,3.46 2.01 - - 154.21 (158.20) -2.73
(UO2)2(OH)** =SiOHvSiO 222,3.05 392 3.83,448 1.70 1.63 2.01 164.10 (164.46) -2.62
(UO2)2(OH),** =SiOHvSiOH 2.59,3.10 3.85 4.17,453 1.80,1.94 1.68 1.75 157.91 (164.46) -1.33

2 The values in brackets are the angles of the corresponding molecules
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Table 4.4 U-U distances measured by EXAFS for different U(VI) adsorption systems

U(VI) initial
System pH U-U distance(A)
concentration (UM)
U(VI)-Silica 41.5 6.46 3.97
U(VI)-Alumina 41.8/1000 6.50/9.00 4.01/3.91
U(VD)-Gibbsite 10 5.60/9.70 4.30/3.92
U(VI)- Hematite 12-133 6.39-8.49 3.85-3.92
U(VI)-Al hydroxide 1.26-960 3.00-6.90 3.91-3.93

Besides the charge of the adsorbate, the steric hindrance also affects AEuina. For instance, the
overall binding energy of the same multinuclear U(VI) adsorbate at =SiOSiO is always about 1 eV
higher than that at =SiO0, which corresponds to shorter U-Os distances in the surface complex at
=Si0Si0 sites. Because the site =SiOSi0 has a longer O(S1)-O(Si) distance than the =SiOO0 site, it
shows the less steric effect and accommodates better the multinuclear U(VI) adsorbates. In addition,
compared to the terminal hydroxyls on the same silicon atom, the hydroxyls on two neighboring
silicon atoms have a more significant inductive effect, which also enhances the binding affinity of the
site =Si0Si0. The stronger interaction at =SiOSiO than that at =Si00 was also observed for uranyl
adsorption on the a-SiO> (001) surface.

The binding mode of the surface complex also influences its binding strength AEpina. In
comparison, the stabilities of the surface complexes in the side-on mode are relatively weaker than
those in the end-on mode given the relatively lower binding energy of the same adsorbate in the
former case. The relatively weak stabilities can be interpreted by the increasing tension of the surface
complexes. Compared to the adsorption in the end-on mode, the adsorbates undergo more significant
configurational rearrangement to attain suitable geometries for surface complexation in the side-on
mode. For instance, the U-O-U bond angle of free (UO2)2(u-OH)(H20)s** is 158.20° , which changes
to 159.86° and 171.49° when binding in an end-on manner at the =SiOSiO and =SiOO sites,
respectively, whereas in the side-on surface complex, the corresponding angle is 134.71° . The
dramatic decrease of the U-O-U bond angle results in a higher bond tension within the adsorbed

species, which rationalizes the relatively weaker stability and smaller AEping of the side-on surface
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complex as compared to those in the end-on mode. There seems a discrepancy in the case of (UO2)2(-
OH)(H,0)s** adsorption in the side-on mode, where the overall binding energy is -9.9 V. However,
the coordinate bonds are weaker than those in the end-on surface complexes because the specific
binding energy per bond is still smaller in the former case. In addition, the adsorption in the side-on
mode with the same adsorbate loading leads to a higher surface coverage which shows a disadvantage
to the adsorption because of a stronger repulsion between adsorbents. Moreover, hydrogen bonds
form between the surface silanols and the equatorial water ligands in (UO2)2(u-OH)2(H20)6** and
(UO2)2(u-OH)(H,0)s** (see Figure 4.5). The contribution of hydrogen bonds to the overall binding
energy is relatively small because the formation energy of each hydrogen bond is around 0.13 eV
(Kumar et al., 2007).

The adsorption configurations on partially deprotonated and neutral sites were also simulated
(Figures 4.6-4.7 and Table 4.3). Protons are released during the adsorption at sites with neutral
hydroxyl groups to form inner-sphere surface complexes. For a given adsorbate at a specific site
taking the same adsorption mode, the extent of deprotonation of the surface sites shows nearly no
noticeable influence on the configurations of the surface complexes. All AEuina of the surface
complexes at partially deprotonated sites and completely protonated sites have lower values

compared to that at the deprotonated site, indicating relatively weaker interaction on the surface.
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Figure 4.6 Configurations of the end-on surface complexes of (UO2)>(u-OH)(H20)s*" and (UO2)2(u-OH)2(H20)6>*
at (a)-(d) =SiOHO(H) and (e)-(h) =SiOHSiO(H).
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Figure 4.7 Configurations of the side-on surface complexes of (a)-(b) (UO2)x(u-OH)(H,0)s** at =SiOHO(H)-
SiOHO(H) and those of (c)-(d) (UO2)2(u-OH)2(H20)6>" at =SiOHvSiO(H).

Since the U-U distances of the multinuclear U(VI) species just slightly change after adsorption,
the U-U distance obtained from spectroscopic measurements may be an indicator for the formation
of multinuclear U(VI) surface species. For the single hydroxyl bridged species, (UO2).(OH)*, the
change in U-U distance in the adsorption process is within 0.3 A, whereas for the double hydroxyl
bridged species, (UO2)2(OH)*>" and (UO,)3(0)(OH)s*, the U-U distance changes within 0.1 A before
and after adsorption. The U-U distances around 3.90 A and 4.30 A have been observed in many U(VI)
adsorption systems at relatively high pH and high U(VI) concentrations (Table 4.4). The U-U
distances of 3.92 A and 4.30 A are in good agreement with those (3.70~4.00 A) for the end-on
adsorption structures of (UO2)2(OH)*>" and (UO,)3(O)(OH)s", and that (4.42 A) for the side-on
adsorption species of (UO2)2(OH)*" in this study, respectively (Bargar et al., 2000; Froideval et al.,
2006; Tang and Reeder, 2009; Hattori et al., 2009). According to the results listed in Table 2 and Table
S1, however, multinuclear U(VI) surface complexes could not be distinguished based on only U-U
or U-Si distance, and knowledge of both U-U and U-Si distances is necessary to identify multinuclear

U(VI) surface complexes.
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4.3.2 Electronic Properties

The electronic properties of the multinuclear uranyl surface complexes have been characterized
by Bader charge analysis, the projected density of states, charge density difference, and valence ELF.
Based on Bader’s theory of atoms in molecules (AIM), the Bader atomic charge of each atom has
been calculated to understand the fluctuation of electrostatic interaction during the adsorption process.

The initial hydroxylated a-SiO> (001) surface is negatively charged, i.e., -3, -2, and -1|e| for the
adsorption of (UO,)2(OH)*, (UO2)2(OH)** and (UO,)3(OH)s", respectively. After adsorption, the
surface remains negatively charged, but the amount of surface charge decreases to some extent (Table
4.5). The amount of the charge transfer reflects the contribution of chemical interactions via
coordination. In general, the strength of electrostatic and chemical bonding interactions shows a
positive correlation with the charge transfer between the surface site and the adsorbate. For example,
at =SiOSiO sites, the surface charges after the adsorption of (UO2),(OH)**, (UO,)(OH),?" and
(UO2)3(0O)(OH)3" are -1.81 e[, -1.33 |e| and —0.99 |e|, indicating that the corresponding charge transfer
is 1.19 |e|, 0.67 |e| and 0.01 |e|, respectively, in agreement with decreasing bonding energy for the
adsorption of (UO,)2(OH)**, (UO2)2(OH)2** and (UO,)3(0)(OH);" at =SiOSiO site, i.e., -7.22 €V, -
6.30 eV, and -4.06 eV, respectively.

In addition, the protonation state of a surface site significantly influences the electrostatic
interaction. For each multinuclear U(VI) adsorbate at the same surface site (see Tables 4.2 and 4.3),
the increase of pH, which causes the deprotonation of the surface silanol groups, results in higher
binding energy (AEbing). This is in accord with the enhanced U(VI) adsorption at higher pH. The trend
of increasing electrostatic interaction between the surface and the multinuclear U(VI) adsorbates is

the same as that for mononuclear uranyl on the a-SiO (001) surface (Wang et al., 2015).

Table 4.5 Bader charge (Qs in |e|) of the surface after adsorption.

Binding mode  (UO»2)2(OH)** Qs (UO2)(OH)*" Qs (UO2)3(0)(OH)s" Qs
=Si00 -1.83  =Si00 133 =Si00 -0.95
=SiOHO -1.66  =SiOHO -1.21

End-on
=SiOHOH -1.46  =SiOHOH -1.04
=Si0Si0 -1.81  =SiOSiO -1.33  =Si0SiO -0.99
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=SiOHSIO -1.66  =SiOHSIO -1.17

=SiOHSiOH -1.45  =SiOHSiOH -1.00

=S100-Si00 -1.90  =SiOvSiO -1.38  =SiOvSiO -1.05
Side-on =SiOHO-SiOHO -1.63  =SiOHvVSIO -1.20

=SiOHOH-SiOHOH -1.43  =SiOHvSiOH -1.04

Besides electrostatic interaction, chemical bonding also plays an important role in the adsorption
process. The broadening and shifting of the density of states (DOS) can be used to evaluate the
interactions in the system. According to the analysis of the projected density of states (PDOS), the
orbital overlapping part below and nearest Fermi level of surface silicate oxygen atoms and the
surface binding uranium atom in the adsorption configurations are illustrated (Figures 4.8-4.10).
Comparing the PDOS of U and O atoms before adsorption, the U-f and U-d orbitals after adsorption
show strong hybridization with the O-p in the range of -5 to 0 eV, indicating strong chemical bonds
formed between the atoms (Figure 4.8). In particular, the peaks of U-f and U-d orbitals shift from
—5.0 ~—2.5 eV to —2.5 ~ 0 eV under the condition of uniform fermi energy level, which means that
U atoms lose electrons in the adsorption process. This is consistent with the charge transfer obtained
from Bader charge analysis. Interestingly, the stability of the multinuclear U(VI) surface complexes
in the end-on binding mode is also influenced by the far side U atom. The f orbital of the far-side U
atom after adsorption shows obvious hybridization due to the delocalization of the f electrons,
providing additional stability to the surface complex (Figure 4.9, compare PDOS diagram of the U
atom before and after adsorption). Moreover, for the adsorption at partial and fully protonated sites,
the PDOS diagrams (Figure 4.10) show that the orbitals are localized below the Fermi level,
indicating a relatively weak bonding in these cases. Particularly, the hybridization is apparent for the
p orbital of the protonated O and the U-f orbital in the energy range of -5 to -2.5 eV. This is consistent
with the fact that the U-Oon bonds have a partial n character which weakens the axial uranyl bond

(Zhang et al., 2017).
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Figure 4.8 Projected density of states (PDOS) of surface silanol oxygen atom and the binding uranium atom before
and after adsorption of (a) (UO)2(OH)** at =Si00-SiOO0 site, (b) (UO2)2(OH),*" at =SiOSiO site, and (c)
(UO2)3(0)(OH);" at =Si0SiO site. The Fermi levels are set to zero.
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Figure 4.9 Projected density of states (PDOS) for the far side U atom before and after adsorption of (a)
(UO,)2(OH),*" at =SiOSiO site and (b) (UO,)3(0)(OH);" at =SiOSiO site. The Fermi levels are set to zero.
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Figure 4.10 Projected density of states (PDOS) of surface silanol oxygen atom and the binding uranium atom in the
surface structures of (a) (UO2)2(OH)*" and (b) (UO2)2(OH),*" at partial and fully protonated sites. The Fermi levels

are set to zero.

To understand straightforwardly the electronic structures in the multinuclear U(VI) adsorption
configurations, the charge density difference and valence ELF (Figure 4.11) is calculated according

to:

AP = Pryitinuclear uranylsurface ~ Prultinuclear uranyl ~ Psurface?
where Pmultinuclear uranyl/surface, Puranyl, and Psurface are the electron densities of the surface multinuclear
U(VI) complex, multinuclear U(VI) molecular species, and slab surface before adsorption,
respectively. The yellow regions represent the accumulation of electrons and the blue regions
represent the depletion of electrons, respectively (Figures 8a-8c). The color distribution shows
significant electron depletion around the surface binding U atom and an accumulation around the
surface oxygen Os atom of the binding site, indicating that the electron density transfers mainly from

U to Os, which is in accord with the Bader charge as well as the PDOS results. Similar results are also
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found in the mononuclear uranyl adsorption system. In addition, charge transfer also occurs along the
hydrogen bonds between the Os atom and H atoms of neighboring coordination waters. A similar
phenomenon was found at the water-montmorillonite interface.®® Moreover, the far side U atoms in
the end-on mode also lose electrons after adsorption, indicating an indirect participation in the surface
complexation, which confirms the previous PDOS results (Figures 4.11a-4.11b). The results of
valence ELF (Figures 4.11d-4.11f) suggest that partially covalent chemical bonds are stably formed
between the U atom and surface O atoms, which is similar to most mononuclear uranyl adsorption

systems (Zhang et al., 2016; Pan et al., 2022).

Figure 4.11 The charge density difference (a-c) and valence ELF (d-f) of (UO),(OH)** at =Si00-SiOO site (a and
d), (UO2)2(OH),*" at =SiOSiO site (b and e) and (UO,)3(0)(OH);" at =SiOSiO site (c and f).
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4.4 Conclusions

In this study, the structures of multi-dentate inner-sphere surface complexes of three
multinuclear U(VI) adsorbates, i.e., (UO2)2(OH)**, (UO2)2(OH)2?" and (UO,)3(0)(OH)s*, on a-SiO;
(001) surface have been investigated using DFT calculations. (UO,).(OH)** prefers a side-on binding
mode in which both uranyl moieties of the binuclear U(VI) species interact with two deprotonated
surface sites, whereas (UO2)2(OH).*" and (UO,)3(0O)(OH);" favor end-on structures where only one
uranyl moiety coordinates with the surface sites via a bidentate model as well. The bidentate surface
structures form at =SiO(H)O(H) or =SiO(H)SiO(H). In comparison, surface complexes at
=Si0(H)SiO(H) have shorter U-Os bonds, and higher binding energy but a longer U-Si distance. Both
electrostatic interaction and chemical bonds (partially covalent) are responsible for the surface
complexation of the multinuclear U(VI) species. The Os-p orbital hybridizes strongly with U-f and
U-d orbitals, meanwhile, the transfer of electron density from U to Os occurs. The sequence of binding
energy at the same site follows (UO2)2(OH)** > (UO,)2(OH)2** > (UO,)3(0)(OH)s*, whereas the
binding energy of the same multinuclear adsorbate at the same site increases with the increasing
deprotonation extent. In addition, hydrogen bonds between surface hydroxyls and the coordination
waters and acyl oxygen of uranyl moieties contribute slightly to the overall binding energy of the
surface complexes. Moreover, the end-on surface complexes of (UO2)2(OH),?" and (UO,)3(0)(OH)3*
also benefit from the U-f electron delocalization of far-side U atoms. This study improves our
understanding of the adsorption of U(VI) on silica and provides new insights into the structures of

multinuclear U(VI) surface complexes.
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Chapter S. Polymerization Reaction Mechanism of Multinuclear Uranyl in

Aqueous Solution and on Silica Surfaces

5.1 Introduction
Uranium in the biogeosphere is manifold and the solution chemistry of U(VI) system is
important for understanding reactions of water with nuclear waste under geological disposal
conditions. The uranyl (UO»?") widely exists in aqueous solutions due to its high solubility and
mobility. There are a number of coexisting polymeric hydroxo species with medium pH and U(VI)
concentrations, leaving substantial uncertainties on the hydrolysis products.(Nguyen-Trung et al.,
2000) Hence, hydrolysis reactions have been the subject of many experimental studies in the past.
Peer-reviewed thermodynamic data of various U(VI) polymeric species are available in the
OECD/NEA database. Exploring the thermodynamics properties of uranyl hydroxyl complexes is of
great importance for understanding the chemical evolution of uranyl in nature. However, the
formation process of multinuclear uranyl and the effect of multinuclear uranyl on the nucleation
mechanism of uranyl hydroxyl oxide are not clear. This is a gap in actinide process chemistry.
Under aqueous aerobic environments, the composition and stability constants of the various
hydroxo uranyl complexes have been investigated under various conditions of pH, temperature, and
uranyl concentration by such techniques as potentiometry, spectrophotometry, chromatography,
solvent extraction, and solubility. Results obtained from these studies indicated conclusively that
three species: UO>?", (UO,)2(OH),?*, and (UO,)3(OH)s* are progressively present from pH increased
at modest concentrations of uranium. One minor species, (UO2)2(OH)**, was also found under higher
uranium concentration. (UO2)3(OH)s" is often described as (UO2)3(O)(OH);* as its stoichiometric
equivalent. However, they are indistinguishable by potentiometric titration because both result in a
loss of five protons. From the observed Raman frequencies, Nguyen Trung et al. proposed the
structures of four uranyl trimeric complexes based on the assigned symmetrical stretching
frequencies of the UO; group, all of which are oxo bridging among uranyl moieties (Nguyen-Trung
et al., 2000). UV-vis and FTIR are also in line with the results. Reich et al. made the first EXAFS
(extended X-ray absorption fine structure) measurements of the uranyl hydroxo trimer (UO2)3(OH)s*
and observed a U-U distance of 3.80 A (Reich et al., 1998). EXAFS is still unable to confirm

structures due to limited distal resolution and a general lack of angular information. DFT can serve

73
Thesis Pengyuan Gao — 2023
ISTO



Polymerization Reaction Mechanism of Multinuclear Uranyl
in Aqueous Solution and on Silica Surfaces

as a tool to correlate thermodynamic speciation and the species obtained by EXAFS. Tsushima et al.
further identified the structure of (UO2)2(OH)", (UO2)(OH),*>* and (UO,)3(0)(OH)s* by combining
spectroscopic (EXAFS, FTIR, UV-vis) and DFT calculations (Tsushima et al., 2007). Nevertheless,
the process of condensation of hydroxyuranyl to form multinuclear uranyl is unclear as yet.

The adsorption of radionuclides on mineral surfaces is a key process affecting their migration in
the environment. Extensive experimental studies have been carried out using batch adsorption
experiments, EXAFS, TRLFS (time-resolved laser-induced fluorescence spectroscopy) and XPS
techniques to study the surface complexation of uranyl on minerals. It is concluded that under near
neutral conditions, uranyl groups form multinuclear uranyl surface complexes, for instance on silica,
alumina, hematite, gibbsite and kaolinite. For another, surface complexation model has been
constructed based on the batch experimental results and the spectroscopic experimental data of
uranyl surface complexes. It was found that the introduction of multinuclear complexes in the
surface complexation model could significantly improve the fitting to the experimental data at high
pH values. Theoretical simulation also has been proved to be an effective tool for identifying the
structure of mineral surface complexes. At pH 9.7 and the initial uranium concentration of 1x10
mol/L, Hattori et al. reported the structures of (UO2)2(OH),?" surface complexes on gibbsite by DFT
calculations in parallel with EXAFS spectroscopy (Hattori et al., 2009). The same structure was also
found on the edge of montmorillonite by first principle molecular dynamics (FPMD) simulation.
Gao et al. studied the surface complexation structures of (UO2)2(OH)", (UO2)2(OH).** and
(UO»)3(0)(OH)3* on silica surface through periodic DFT simulation, which was consistent with the
spectral results. Although multinuclear uranyl species have been identified in aqueous solution and
solid surface, what remains to be understood is which environment will be inclined to form
multinuclear uranyl, i.e. aqueous solution or surface.

Heterogeneous nucleation and precipitation of uranyl can occur during mineral surface
adsorption, which will provide long-term stabilization of actinide pollutants. It has been proposed
that heterogeneous nucleation is the most important mechanism for the formation of minerals. The
process is dependent on uranium concentration and pH, and generally occurs in oxidizing
environments where stable uranyl-hydroxides such as schoepite may form. In the presence of

silicates or aluminates, coprecipitation of compounds containing Si or Al is also possible (i.e.,
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soddyite, weeksite). The structural information of uranyl hydroxyl oxide precipitation has been
studied by advanced experimental characterizations, such as time-resolved X-ray diffraction,
neutron powder diffraction, X-ray absorption, mass spectroscopy, EXAFS and high-resolution
transmission electron microscopy for several decades. The U atomic distance is summarized as the
characteristic. For example, Uranyl hydroxides such as B-hydroxide (4.22A), y-hydroxide (4.23A),
the peroxide mineral studtite (4.21 A) and amorphous hydrous oxide precipitate (3.90A). However,
most of previous works only focused on the description of their morphology and crystal structures.
As far as we know, the mechanism of U(VI) nucleation and precipitation on mineral surface,
including reaction pathways and thermodynamics, are not clear. Generally speaking, the bonding
interaction and electronic structure in the structure unit determine the intrinsic physical and chemical
properties of crystals, similar to the key role of genes in life. The process of early nucleation and
precipitation can be better understood by searching the minimum structural unit from crystal
structure and quantitatively exploring the thermodynamic properties of structural unit interaction.
Nevertheless, even with state-of-the-art experimental tools it is still difficult to reveal the structure
unit interaction relies mainly on theoretical simulations, such as DFT calculations, classical and first-
principles molecular dynamics simulations (Zhang et al., 2019).

In this study, we perform first principle molecular dynamics (FPMD) simulations to
systematically investigate the dissociation properties of (UO2)(OH)*, (UO,)(OH),*" and
(UO»)3(0)(OH)3* in aqueous solution and on silica surface. It discovered that multinuclear uranyl
tends to form in aqueous solution. We further combined the FPMD-based vertical energy gap method
to construct multinuclear uranyl condensation reaction in aqueous solution and obtained the stability
constant to compare with the experimental data. It revealed that the difference between
(UO»)3(0OH)s* and (UO2)3(0O)(OH)3" By observing the crystal structure of schoepite, we obtain the
repeated structures of penta- and hexa-nuclear clusters with uranyl species as structural units. Free
energy simulations of structural unit reactions revealed the chemical mechanisms of the early
nucleation stage of uranyl hydroxyl oxide (i.e. schoepite) on silica surface. Our work provides an

atomistic-level understanding of the chemical behavioral processes of multinuclear species.
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5.2 Simulation Details and Models

5.2.1 First Principles Molecular Dynamics

All simulations were performed with the CP2K/QUICKSTEP package. Density Functional
Theory (DFT)-based electronic structure calculations are implemented using a hybrid Gaussian Plane
Wave (GPW) method. the PBE generalization is applied to the exchange-correlation generalization,
and Goedecker-Teter-Hutter (GTH) pseudopotentials are used to avoid core electrons. The cutoff
energy for the electron density is 400 Ry. The DZVP basis set is applied to H, O, U, and Si. The
Grimme-D3 method is used for dispersion correction in all calculations. the Born-Oppenheimer
Molecular Dynamics (BOMD) simulations are performed with a wavefunction convergence of 10-6 .
Regular system synthesis (NVT) conditions were imposed by a Noése-Hoover thermostat with a target
temperature of 300 K and a molecular dynamics time step of 0.5 fs. For each system, we performed
an initial equilibrium simulation of 3.0 ps (6000 steps), followed by equilibrium sampling calculations
of 5.0-10.0 ps.

5.2.2 Free Energy Calculations

We have considered the dissociation free energies of the three polynuclear uranyl species both
in aqueous solution and on the surface of silica (001). For the dissociation reaction of binuclear uranyl,
the U-U distance was chosen as the reaction coordinate to control the dissociation process, while for
trinuclear uranyl, the distance between the U atom and the central O atom was chosen as the reaction
coordinate. For the dissociation of pentanuclear clusters on the surface of uranyl hydroxyl oxide
precipitates, the U coordination number to two O atoms was chosen as the reaction coordinate. The
dissociation is into two mononuclear uranyl as well as one trinuclear uranyl. For the dissociation of
the tetranuclear clusters, the dissociation reaction was divided into two stages for the dissociation
process of two groups of U atoms.

5.2.3 Models

Figures 5.1 and 5.2 show the computational models of the three polynuclear uranyl in aqueous
solution and on the surface of silica (001). For the computational model of aqueous solution, the
system size is a cubic cell of 16.49 A x 16.49 A x 16.49 A containing 142 solvent water molecules.
For the structure of the surface complexes, the adsorption site was selected as the adsorption site

based on the results of previous studies with the fully deprotonated =SiOSiO site. For the surface
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complex calculation system, the box is an orthogonal box of size 17.21 A x 14.90 A x 28.79 A and
contains 163 solvent water molecules. The density of the aqueous solvent was approximately equal
to 1 g/cm?. In the simulation, a uniform background charge was applied to neutralize the net charge
of the system. For the computational model of the multinuclear systems, the pentanuclear cluster
model consisted of two mononuclear uranyl and one trinuclear uranyl adsorbed on the surface of
silica (001), and the tetranuclear cluster model consisted of one monohydroxyl-bridged binuclear

uranyl adsorbed on the surface and one bis(hydroxyl)-bridged binuclear uranyl (Figure 5.3).

Figure 5.1 Computational models for multinuclear uranyl hydration systems. (a) (UO2)2(u-OH)(H20)s*", (b)
(UO2)2(-OH)2(H20)6>" and (c) (UO2)3(1-O)(u-OH)3(H20)6"

Figure 5.2 Computational models of end-on mode hydration systems for multinuclear uranyl on =SiOSiO surface
coordination sites. (a) (UO2)2(u-OH)(H20)s*, (b) (UO2)2(n-OH)2(H20)6> Fl (c) (UO2)3(u-O)(n-OH)3(H20)s"
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Figure 5.3 Models of (a) tetranuclear clusters and (b) pentanuclear clusters of uranyl hydroxyl oxides on the
surface of a-SiO2 (001)

5.3 Results and Discussion
5.3.1 Dissociation Processes of Multinuclear Uranyl in Aqueous Solution and on Silica
Surfaces
We first investigated the dissociation of three polynuclear uranyl (UO2)>(OH)**, (UO2)2(OH),%*
and (UO2)3(O)(OH)3" in an aqueous solution and on a silica (001) surface. During the molecular
dynamics equilibrium phase, each of the three polynuclear uranyl species maintains a stable five-
coordination structure in aqueous solution and on the surface, which is consistent with previous DFT
calculations. Figure 5.4 shows the radial distribution functions (RDFs) and integral coordination
numbers (CN) of (UO2)2(OH)*, (UO2).(OH)2** and (UO2)3(O)(OH)s*, which indicate that the
average bond length in aqueous solution is 2.36 A for U-OH, 2.58 A for U-OH», and, in
(UO»)3(0)(OH)3*, the average bond lengths between U and the bond length between the bridging O
is 2.20 A. Surface adsorption does not cause large structural changes, but does cause changes in the
U-O RDF. At 2.20 A, a U-Os bond occurs, while adsorption reduces the average bond length between
U-OH and U-OHz. The U-U distance is considered to be characteristic of multinuclear uranyl. By
analyzing the kinetic trajectories, Figure 5.5 shows the time evolution of the U-U distances between
(UO2)2(OH)*, (UO2)2(OH)2** and (UO,)3(0)(OH)s* in aqueous solution and at the surface over the
simulation time. It can be seen that in aqueous solution, the values of the U-U distances are 4.50 A
for (UO2)2(OH)*", 3.90 A for (UO)2(OH)*", and 3.82 A for (UO,)3(O)(OH)s*, respectively. The
distances change slightly when multinuclear uranyl adsorbed on surface, suggesting that the
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adsorption process does not affect the U-U distances. This is consistent with our previous results

obtained using the DFT method.
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Figure 5.4 Radial distribution function (RDF) and coordination number (CN) of aqueous phase and surface
polynuclear uranyl U around O.
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Figure 5.5 Evolution of U-U distances over simulation time for (UO2)2(OH)", (UO2)2(OH),*"and
(UO»)3(0)(OH)s" in aqueous solution and surface systems

In order to reveal the stability of the (UO.)(OH)**, (UO2)2(OH).** and (UO,)3(0)(OH)s*
complexes, we calculated their free energies for the dissociation process in aqueous solution and on
the silica surface, resulting in the free energy curves shown in Figure 5.6. In each curve, the free
energy value of the first minimum (i.e., the equilibrium structure) is taken as the starting point, and
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the minimum corresponding to the geometrical configuration of the outer ligand is taken as the end
of the dissociation process. It is noteworthy that the three types of multinuclear uranyl have a
continuous dissociation nature. For (UO2)3(O)(OH)s*, when a uranyl dissociates completely, a double
bridged linkage structure similar to that of (UO2)2(OH)»** is formed. For the dissociation process of
the (UO,)2(OH).*" complex, we find that the upward trend of the dissociation curve slows down
significantly when the U-U distance is near 4.7 A, corresponding to the same conformation as the
monodentate (UO2)3(O)(OH)3:* complex. Therefore, we consider the dissociation of only one uranyl

to assess stability.
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Figure 5.6 Dissociation free energy curves for (a) (UO2)2(OH)**, (b) (UO2)2(OH),*" and (c) (UO,)3(0)(OH)5".

The free energy curves show that the formation of the three polynuclear uranyl complexes on
both types of environments (i.e., aqueous solution and surface) is energetically exothermic and
therefore spontaneous. More importantly, it can be seen that the free energies of dissociation of the
three polynuclear uranyl complexes in aqueous solution are greater than those on the silica surface
(8.8 kcal/mol vs. 1.4 kcal/mol for (UO2)2(OH)**, 15.2 kcal/mol vs. 14.0 kcal/mol for (UO2)2(OH)**

and 26.0 kcal/mol vs 14.5 kcal/mol for (UO)3(O)(OH);3*), which implies that the formation of
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polynuclear uranyl in aqueous solution is most feasible. Our simulations yielded trends in the
formation of three typical polynuclear uranyl species in aqueous solution and on surfaces. This
provides strong evidence for considering polynuclear uranyl species in aqueous solution as surface-
coordinated species when constructing macroscopic surface coordination models.
5.3.2 Equilibrium Constants for Reactions of multinuclear Uranyl in Aqueous Solution
In order to reveal the thermodynamic stability of polynuclear uranyl complexes in aqueous
solution, we have calculated the free energy of the total reaction according to Hess law, which states
that the free energy change in a chemical reaction is pathway independent.
U0, (H,0)s 2* = UO,(OH)(H,0), * + H* AG1=16.01¢eV (1)
U0, (H;0)s 2+ UO,(OH)(H;0),4 ¥ = (U0,),(OH)(H,0)g *+ H,0
AG2=-0.38¢V (2)
2U0,(0H)(H,0), * = (U0,),(0H),(H,0)¢ 2t + 2H,0 AG3=-0.68 eV (3)
U0,(OH)(H,0)F = U0,(0H),(H,0); + H* AG4=16.09 eV (4)
(U0,),(0H),(H,0)¢ 2* = (U0,),(0)(OH)(H,0)g ¥ + HY AGs=16.52¢V (5)
U0, (0H);(H,0)3 + (U02),(0)(OH) (H,0)6 = (U02)3(0)(OH)3(H,0)6 * + 3H,0 AGs=-1.08
eV (6)
H* + H,0 = H;0*(UO3" system) AG7=-15.48 eV (7)
H* + H,0 = H;0*((UO0,),(0H)3%" system ) AGg=-15.53 eV (8)
For (UO2)2(OH)**, equation (1) + (2)+ (7) to equation (9):
200, (H,0)%* = (U0,),(0H)(H,0)3* + H;0™" AGo=0.15eV (9)
For (UO2)2(OH)2**, equation 2x(1)+ (3)+ (7)+ (8) to equation (10):
2U0,(H,0)5 2* = (U0,),(0OH),(H,0)¢ 2t + 2H30"  AGi9=10.33 eV (10)
For (UO,)3(0)(OH)s*, equation (1)+ (4)+ (5)+ (6)+ (10)+2x(7)+1%(8) to equation (11):
3U0,(H,0)s 2* = (U0,)3(0)(0OH)3(H,0)¢ * + 5H;0%7 AGi1=1.37¢V (11)
Where AG1,AG4 and AGs can be derived from the pKa values of the corresponding complexes
on the basis of AG = pKakgTIn10. AG7 and AGg can be calculated using the proton dissociation
energies on the basis of the vertical energy gap method. AGz, AG3, and AGs denote the free energy
variations of the dissociation processes for the three types of polynuclear uranyl.

Using the Gibbs free energies of AGo, AGio and AGii, the equilibrium constants of the reaction
83

Thesis Pengyuan Gao — 2023
ISTO



Polymerization Reaction Mechanism of Multinuclear Uranyl
in Aqueous Solution and on Silica Surfaces

can be obtained through the van't Hoff equation, and it can be found that for (UO,).(OH)** , the
calculated and experimental equilibrium constants of the reaction are -2.29 and -2.70, respectively,
which are in agreement within the margin of error. For (UO2)2(OH),** , the calculated and
experimental values are also in agreement with each other, which are -5.22 and 5.62, respectively, but
for (UO)3(0)(OH)s* , the difference between the experimental and calculated values is larger, which
are -15.55 and -20.92, respectively, which is mainly due to the fact that there are many reaction steps
to construct the cumulative reaction of (UO2)3(O)(OH)s", and the error of each step is also is
continuously transmitted, thus leading to a higher difference in the results. Therefore, it is difficult to
obtain more accurate equilibrium constants by theoretical calculations for reactions with many steps
in the unit reaction.

5.3.3 Mechanism of Early Nucleation and Precipitation of Uranyl Hydroxide

Schoephite is a typical solid-phase structure of uranyl hydroxide, and its molecular formula is
(UO2)802(0OH)12-12H20. The solid-phase structure is shown in Figure 5.7, which is a layered
structure. In the single-layer structure, We found two smallest repeating units, namely a pentanuclear
cluster structure composed of trinuclear uranyl and two mononuclear uranyl, and a tetranuclear
structure composed of single hydroxyl bridged dinuclear uranyl and double hydroxyl bridged
dinuclear uranyl cluster structure. Surface adsorption precipitation is considered to be an important
mechanism for mineral formation in soil systems. When the solution is saturated with solutes, the
surface acts as a nucleation site, and metal ions aggregate through water to form precipitates.
Therefore, we explored the early precipitation mechanism of uranyl hydroxide on the surface of silica

(001), and calculated the free energies of precipitation reactions of the two smallest repeating units.
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Figure 5.7 Crystallographic structure of schoephite (a) side view, (b) top view

Figure 5.8 shows the dissociation reaction of a pentanuclear cluster. The coordination numbers
of one uranium atom of trinuclear uranyl and two proton dissociation oxygen atoms of mononuclear
uranyl range from 2.0 to 0.1, respectively, and the dissociation free energy It is 26.4Kcal/mol. Figure
5.9 shows the dissociation reaction of a tetranuclear cluster with a dissociation free energy of 15.6
Kcal/mol. It can be seen that the free energy convergence of the two reaction pathways is better. On
the dissociation curve of the pentanuclear cluster, it can be found that the free energy first increases
then decreases, and then increases after CN=1.0. For tetranuclear clusters, the dissociation free energy
continues to rise. Both precipitation mechanisms are energetically feasible, and pentanuclear clusters

are more dominant than tetranuclear cluster reaction mechanisms.
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Figure 5.8 Dissociation free energy curves of uranyl oxyhydroxide pentanuclear cluster system.

Figure 5.9 Dissociation free energy curves of uranyl oxyhydroxide tetranuclear cluster system.
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Chapter 6. Acid—Base Properties of Cis-Vacant Montmorillonite Edge Surfaces:
A Combined First-Principles Molecular Dynamics and Surface Complexation

Modeling Approach

6.1 Introduction

High adsorption capacity of clay minerals plays a key role in nutrient cycling in soils and in
retardation of heavy metals, oxyanions and organic pollutants migration in natural and engineered
environments (Kome et al., 2019). In particular, clay materials are an essential part of most multi-
barrier systems envisioned for nuclear waste storage under consideration worldwide. An accurate
prediction of metal ion mobility in clay-rich environments is dependent upon the development of
adsorption models. Surface complexation model (SCM) links surface speciation to adsorption process
and has been applied to describe the adsorption behaviors of a wide range of metal ions (Bergaya et
al., 2006; Sposito, 2008).

The representative structure of clay minerals consists of an edge-sharing octahedral sheet,
connected to two corner-sharing tetrahedral sheets to form the 2:1 (i.e. TOT, Tetrahedron-Octahedral-
Tetrahedral) layer type (Tournassat et al., 2015). Because of their layered structure, clay minerals
exhibit two kinds of surfaces, basal and edge surfaces (Figure 6.1), with much contrasted adsorption
properties: while basal surfaces interact with adsorbates mostly through electrostatic interaction, edge
surfaces have amphoteric properties and can bind adsorbates through surface complexation (Liu et
al., 2022). Ideally, the reactivity description of SCM adsorption sites should be rooted in the actual
structural properties of surface sites.

A key for understanding interfacial properties of clay minerals edge surfaces is their acid-base
reactivity. The acid-base chemistry of edge surfaces is complicated because of the very heterogeneous
nature of surface sites in terms of chemistry and structural position. Potentiometric titration has been
extensively carried out to study the acid-base reactivity of clay mineral (Tournassat et al., 2016).
Among others, Baeyens and Bradbury and Duc et al. (Baeyens and Bradbury, 1997; Duc et al., 2005)
established acid-base titration data sets of montmorillonite, and SCMs based on thermodynamic
equilibrium equations were developed to simulate titration data, using fitted pKa for protons on edge

surfaces. More recently, pKa values derived from ab initio calculations were made available and
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Tournassat et al. pooled these newly available pKa values in a SCM to yield reasonable prediction of
the titration data of montmorillonite edge surfaces (Tournassat et al., 2016). The representativeness
of these pKa values is, however, questionable because of an additional structural peculiarity of clay
mineral layers.

In a TOT layer, each octahedral site is surrounded by two OH groups and four O atoms, but not
all octahedral sites have the same geometry regarding the positions of OH groups. Trans-octahedra
have OH groups on opposite corners, while cis-octahedra have OH groups on adjacent corners.
Consequently, a TOT layers may be either trans-vacant with pure trans-octahedra in the octahedral
sheet or cis-vacant with half cis-octahedra and half trans-octahedra (Figure 6.1). Montmorillonite is
a typical dioctahedral smectite that exhibits either cis- or trans-vacant structures, but cis-vacant
structures are the most common in natural samples widely used in research studies, such as Wyoming
montmorillonites available at the Source Clays Repository or Kunipia montmorillonite (Subramanian
et al., 2020; Orucoglu et al., 2022). The cis-vacant structure of crystallographic planes was observed
for Kunipia montmorillonite by using scanning transmission electron microscopy (STEM).
Tournassat et al. pointed out that the theoretical estimates of intrinsic pKa values were carried out on
the basis of a trans-vacant model, whereas experimental titration and adsorption data were obtained
on montmorillonite samples with a cis-vacant structure (Tournassat et al., 2016). Because the
structure of a clay mineral determines its intrinsic physical and chemical properties, the differences
between cis- and trans-vacant configurations inevitably lead to different surface properties. Cis-

vacant structures are not centrosymmetric (Figure 6.1), which indicates that the edges perpendicular

to [010] and [010], [110] and [110] crystallographic directions are different. In addition, different

positions of structural OH groups and isomorphic substitutions lead to more complex edge surface
groups. Whether these differences in structure cause different surface charging behaviors of
montmorillonite had not been determined yet.

Heterovalent structural isomorphic substitutions of cations in cis-vacant TOT layers create a
permanent negative layer charge (Stucki, 2013) (Figure 6.2). Iron occurs in clay minerals in both
Fe(Il) and Fe(III) oxidation states and it can participate in redox reactions and influence the surface
properties of clay minerals as well as the adsorption process. Fe(Il) and Fe(IIl) mainly exist in the

octahedral sheet while minor quantities of Fe(IIl) can substitute for Si(IV) in the tetrahedral sheet.
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Kéri et al. proposed that there is no preferential occupation of cis- or trans-octahedra by Fe(IIl) and
Fe(Ill) in low Fe-bearing bulk montmorillonite, consistent with that of Mg(II) substitution in the
octahedral sheet (Tsipursky and Drits, 1984; Drits et al., 2006; Kéri et al., 2017). Moreover, the
common isomorphic substitutions in the tetrahedral sheet are AI(IIl) for Si(IV) tetrahedral. The
influence of isomorphic substitutions on smectite properties has received extensive attention because
it affects many physical-chemical properties, such as its ability to adsorb and exchange other ions
(Liu et al., 2022). The substitution effect can also influence the clay density, porosity, and surface
area, as well as its reactivity and stability (Bergaya et al., 2006). Therefore, a thorough understanding
of the substitution effects involved is essential for elucidating the natural properties of clays.
Theoretical estimates of the intrinsic pKa values of edge surface sites have been based on bond-
valence theories. However, the obtained pKa values were sensitive to model assumptions and did not
reproduce the experimental titration data. First principles calculation provides a new research method
for pKa estimation. In recent years, the first-principles molecular dynamics (FPMD) based vertical
energy gap method has been proved a powerful tool to accurately calculate the intrinsic pKa values
of mineral surfaces. Liu et al. have published a series of works about intrinsic pKa values of surfaces
perpendicular to [010] and [110] for a trans-vacant TOT layer (Liu et al., 2013, 2014). The method
has also been successfully applied to mineral surface OH groups including rutile, quartz, gibbsite and
kaolinite (Sulpizi and Sprik, 2008; Tazi et al., 2012; Liu et al., 2014). However, to the best of our
knowledge, the cis-vacant clay edge surface properties of montmorillonite have not been reported.

In this work, we calculated the pKa values of 2:1-type cis-vacant clay edge surfaces

perpendicular to [010], [010], [110] and [110] directions. The influence of Mg(II), Fe(II)/Fe(III) and

AI(IIT) substituted substitution on acid-base properties was also investigated. The atomic-level acidity
constants were then applied to construct a SCM for edge surfaces of a cis-vacant layer. By comparing
our results with the previous pKa values and SCM models of trans-vacant layer edge surfaces, we
elucidated the difference between cis- and trans-vacant clay edge surfaces acid-base properties. This
study provides fundamental information for further multi-scale study of the interfacial processes of

2:1 type clay minerals, e.g., the adsorption of contaminants on clay minerals.
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Figure 6.1 From top to bottom: Octahedral and tetrahedral sheets, Octahedral sheet with trans-vacant and cis-vacant

configurations, TOT layers.

Figure 6.2 Views of the modeled cis-vacant TOT clay layer with substituted ions in the cis- and trans-sites of the
octahedral sheet and in the tetrahedral sheet.
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6.2 Methodology

6.2.1 Models

The optimized primitive unit cell parameters of cis-vacant 2:1 dioctahedral phyllosilicates are a
=522A,b=9.04 A, c=10.09 A and o =89.82°, B = 99.55°, y = 90.02°. The hydrated edge surface

models including two unit cells were placed in 3D periodically repeated orthorhombic boxes (12.45

A x 10.44 A x 33.56A) with a solution region of 20 A. Edge surfaces perpendicular to [010], [010],

[110] and [110] crystallographic directions were modeled. The solution region contained 130 water

molecules, approximately corresponding to the density of bulk water at ambient conditions.(Figure
6.3) Ten water molecules were inserted into the interlayer to create a monolayer hydrate (Figure 6.3
as an example). In the initial configuration, all surface O atoms were saturated with H atoms, and Al

atoms were 6-fold coordinated (Figure 6.2).

Figure 6.3 The edge surface model of non-substituted (No-sub) cis-vacant structure. (a) L[010], (b) L[010], (c)
1[110], and (d) J_[HO]. Color scheme: Si (yellow), Al (pink), O (red), H (white).

Octahedral Mg(Il) substitution (Mg-sub), Octahedral Fe(Il) substitution (Fen-sub), octahedral

Fe(Ill) substitution (Fem-sub), and tetrahedral AI(III) substitution (Al-sub) on four edge surface
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directions were all investigated (Figures 6.4-6.5). Surfaces perpendicular to [110] and [110] are
beveled surfaces with different silanol groups, i.e. silanol on the upper tetrahedral sheet and the lower

tetrahedral sheet. Also, we only considered the cases where AI(III) substitution occurs in the upper

tetrahedral sheet on surfaces perpendicular to [110] and [110] directions (Figures 6.5g and 6.5h).

Figure 6.4 The edge surface model of Mg(II)-substituted (Mg-sub) cis-vacant structure. (a) L[010], (b) L[010], (c)

1[110], and (d) J_[HO]. Color scheme: Si (yellow), Al (pink), Mg (green), O (red), H (white).
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Figure 6.5 Edge surface models of Fe(Il)/(I11)-substituted (Fewm-sub) and Al(III)-substituted (Al-sub) cis-vacant
structure. (a) and (e) _L[010], (b) and (f) L[010], (c) and (g) L[110], (d) and (h) L[110]. Color scheme: Si
(yellow), Al (pink), Fe (cyan), O (red), H (white).

6.2.2 First-Principles Molecular Dynamics

CP2K/Quickstep package based on mixed Gaussian Plane Wave (GPW) scheme was used to
carry out all simulations. Perdew-Burke-Ernzerhof (PBE) functional was applied for exchange
correlation effects and Goedecker-Teter-Hutter (GTH) pseudopotentials were used to represent the
core electron state. The dispersion correction was applied in all calculations with the Grimme-D3
method. A double-( valence augmented with polarization (DZVP) basis set was employed for H, O,
Fe, Mg, Al, Si, and the plane wave cutoff was set to be 400 Ry. Conventional DFT is known to
underestimate the coulomb repulsion between the localized 3d-electrons of Fe. DFT+U method was
applied to improve the description of these delocalized states within the DFT formalism. The
simulations were performed with a multiplicity (2S + 1)rear) = 5 for systems with a ferrous iron and
(2S + 1)ream = 6 for systems with a ferric iron, respectively.

Born—Oppenheimer molecular dynamics (BOMD) simulations were carried out with a wave
function optimization tolerance of 10°°. Canonical ensemble (NVT) conditions were imposed using

a Nose-Hoover chain thermostat with a target temperature of 300 K. The MD time step was set to be
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0.5 fs. For each system, we conducted an initial equilibration simulation of 3.0 ps, followed by a

production period of 5.0~10.0 ps.

6.2.3 Acidity Constant Calculations

The intrinsic pKa values of the edge surface sites were evaluated with the half-reaction scheme
of the vertical energy gap method. In this method, the dissociating surface proton is gradually
transformed into a dummy atom and the free energy is calculated using the thermodynamic integration
relation.

Edge surface sites investigated were =A1/Mg(OHz),, =AI/Mg(OH2)OH, =Si(OH), =Al(OH>),

=Si(OH)2Al/Mg, =SiO(OH)Al/Mg, and =Al/Si/Mg(OH)AL for surfaces perpendicular to [010], [010],

[110] and [110]. The slashes represent the different octahedral or tetrahedral connection sites.

Dangling O atoms at the surface sites usually require two H atoms to saturate. The surface amphoteric
sites of the Mg/Fen/Fem-sub model include =Si(OH), =Al(OH2), =Al(OHz),, =Al(OH)(OH>),
=Mg(OHz),, =Mg(OH;)OH, =Si(OH):Mg, =SiO(OH)Mg =Mg(OH)Al, =Fewm(OH2),,
=Fen/m(OH)(OH2), =Si(OH):Fem, =Si(O)(OH)Fem and =Si/Ferym(OH)AL sites, while Al-sub
model include =Si(OH), =Al'(OH:), =Al'(OH), =Al"(OH)Al, =Al'(O)(OH)Al, =Al(OH>),,
=Al(OH)(OH), =Al(OH>) and =A1T(OH)ALI sites.Doubly protonated silanol sites =Si(OH>) do not
exist in the normal pH range and do not contribute to the acid-base chemistry, and thus was not
considered. For some sites, e.g., =Si(OH)2Al on surface perpendicular to [010], one proton dissociated
spontaneously within a few picoseconds in free simulations. Therefore, the O-H bonds were
restrained in pKa calculations of these sites (Tables 6.1 -6.5). For some sites, e.g. = AI/Mg(OH)ALI
and =Mg(OH), the deprotonated forms would capture one proton from water molecule. For the
calculations of these sites, all OH bonds of water molecules were restrained at 1.89 Bohr to prevent

this from happening in the simulation.

Table 6.1 The parameters used in harmonic potentials restraining the dummy protons of the No-sub model. Hq
means the dummy proton. Equilibrium bond lengths (do) are in bohr and equilibrium angles (ao) are in radians. All

the coupling constants are in a.u.

Models Sites ng do kq ng oo ke
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1[010] =SiOH 1 189 0.1 1 2.02(Si-0-Hd) 0.1
=Si(OH)Al 2 189 01 2 193(Si-0-Hd) 0.1

1.89 2.03 (A1-O-Hd)
=Si(0)(OH)Al 1 189 01 2 193(Si-0-Hd) 0.1

2.03 (Al-O-Hd)
1[010] =SiOH 1 190 0.1 1 2.01(Si-0-Hd) 0.1
=AI(OH,), 1 189 01 2 1.86(H-O-Hd) 0.1

2.12 (A1-O-Hd)
=AI(OH)(OH>) 1 189 01 2 1.86(H-O-Hd) 0.1

2.16 (A1-O-Hd)
=AI(OH)Al 1 192 01 2 223(Al-O-Hd) 0.1

2.11 (A1-O-Hd)
1[110] =SiOHV 1 189 0.1 1 2.01(Si-0-Hd) 0.1
=SiOHL 1 189 0.1 1 2.01(Si-0-Hd) 0.1
=Si(OH)Al 1 189 01 2 220(Si-0-Hd) 0.1

2.10 (A1-O-Hd)
=AI(OH,) 1 193 01 2 183(H-O-Hd) 0.1

2.15 (A1-O-Hd)
1[T10] =SiOHV 1 189 0.1 1 1.99 (Si-O-Hd) 0.1
=SiOHL 1 18 0.1 1 1.98(Si-0-Hd) 0.1
=AI(OH,), 1 189 01 2 183(H-O-Hd) 0.1

2.10 (A1-O-Hd)
=AI(OH)Al 1 189 01 2 220(Al-O-Hd) 0.1

2.10 (A1-O-Hd)
H;0* 318 10 3  194(H-O-Hd) 0.1

1.94 (H-O-Hd)

1.94 (H-O-H)

Table 6.2 The parameters used in harmonic potentials restraining the dummy protons of the Mg-sub model. Hq
means the dummy proton. Equilibrium bond lengths (do) are in bohr and equilibrium angles (ao) are in radians. All

the coupling constants are in a.u.

Models Sites ng do ka Do ao ko
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1[010]

1[010]

1[110]

1[110]

=SiOH

=Si(OH),Mg

=Si(0)(OH)Mg

=SiOH

=AI(OH2)2

=A1(OH)(OHa)

=Mg(OH)Al

=SiOHY
=SiOH"

=Si(OH)Al

=AI(OH,)

=SiOHY

=SiOH"

=Mg(OHa).

=Mg(OH)Al

H;O*

1.91

1.92
1.92
1.89

1.89

1.89

1.89

1.92

1.89

1.89

1.89

1.93

1.89

1.98

1.89

1.87

1.89

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

1.0

1

1.92 (Si-O-Hd)
1.99 (Si-O-Hd)
2.27 (Mg-O-Hd)

1.93 (Si-O-Hd)
2.03 (Mg-O-Hd)

2.02 (Si-O-Hd)
1.86 (H-O-Hd)
2.12 (Al-O-Hd)

1.83 (H-O-Hd)
2.18 (Al-O-Hd)

2.25 (Al-O-Hd)
2.07 (Mg-O-Hd)

2.01 (Si-O-Hd)
2.01 (Si-O-Hd)
2.20 (Si-O-Hd)
2.10 (A1-O-Hd)

1.83 (H-O-Hd)
2.15 (AL-O-Hd)

1.99 (Si-O-Hd)

2.12 (Si-O-Hd)

1.80 (H-O-Hd)
2.10 (Mg-O-Hd)

2.20 (Al-0-Hd)
2.10 (Mg-O-Hd)

1.94 (H-O-Hd)
1.94 (H-O-Hd)
1.94 (H-O-H)

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Table 6.3 The parameters used in harmonic potentials restraining the dummy protons of the Fer-sub model. Hg

means the dummy proton. Equilibrium bond lengths (do) are in bohr and equilibrium angles (ao) are in radians. All

the coupling constants are in a.u.

Surface

Acids

Nq

do

kd Ny

Qo

Kq
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1[010]

1[010]

1[110]

1[110]

=SiOH

=Si(OH),Fe

=Si(O)(OH)Fe

=SiOH

=A1(OHa):

=Fe(OH)Al

=SiOHY
=SiOH"

=Si(OH)Al

=Al(OH,)

=SiOHY

=SiOH"

=Fe(OHz)2

=Fe(OH)Al

H;O*

1.89

1.92

1.93

1.89

1.90

1.93

1.89

1.89

1.89

1.83

1.89

1.92

1.89

1.87

1.89

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

1.0

1

1.94 (Si-O-Hd)
1.88 (Si-O-Hd)
1.93 (Fe-O-Hd)

1.88 (Si-O-Hd)
1.93 (Fe-O-Hd)

2.02 (Si-0O-Hd)
2.02 (H-O-Hd)
2.06 (Al-O-Hd)

2.20 (Al-O-Hd)
1.98 (Fe-O-Hd)

1.96 (Si-O-Hd)
2.01 (Si-O-Hd)
2.20 (Si-O-Hd)
2.10 (A1-O-Hd)

1.89 (H-O-Hd)
2.02 (Al-O-Hd)

2.04 (Si-O-Hd)
2.09 (Si-O-Hd)
1.89 (H-O-Hd)
2.13 (Fe-O-Hd)

2.25 (Al-O-Hd)
1.94 (Fe-O-Hd)

1.94 (H-O-Hd)
1.94 (H-O-Hd)
1.94 (H-O-H)

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Table 6.4 The parameters used in harmonic potentials restraining the dummy protons of the Fem-sub model. Hg

means the dummy proton. Equilibrium bond lengths (do) are in bohr and equilibrium angles (ao) are in radians. All

the coupling constants are in a.u.

Surface

Acids ng

do

kq

Ng

Qo

kq

1[010]

=SiOH

1
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1[010]

1[110]

1[110]

=Si(OH)Fe

=Si(0)(OH)Fe

=SiOH

=AI(OH2)2

=A1(OH)(OHa)

=Fe(OH)Al

=SiOHY
=SiOH"

=Si(OH)Al

=AI(OH,)

=SiOHY

=SiOH"

=Fe(OHz)2

=Fe(OH)(OHa)

=Fe(OH)Al

H;O*

2

1.92
1.92

1.92

1.89

1.88

1.88

1.88

1.93

1.89

1.89

1.89

1.83

1.89

1.92

1.89

1.89

1.87

1.89

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

1.0

1.88 (Si-O-Hd)
1.93 (Fe-O-Hd)

1.88 (Si-O-Hd)
1.93 (Fe-O-Hd)

2.02 (Si-O-Hd)
1.88 (H-O-Hd)
2.05 (Al-O-Hd)

1.95 (H-O-Hd)
2.16 (Al-0-Hd)

2.20 (Al-0-Hd)
1.98 (Fe-O-Hd)

1.96 (Si-O-Hd)
2.01 (Si-O-Hd)
2.20 (Si-O-Hd)
2.10 (A1-O-Hd)

1.89 (H-O-Hd)
2.05 (A1-O-Hd)

2.04 (Si-O-Hd)
2.09 (Si-O-Hd)
1.89 (H-O-Hd)
2.10 (Fe-O-Hd)

1.89 (H-O-Hd)
2.13 (Fe-O-Hd)

2.28 (Al-0-Hd)
1.94 (Fe-O-Hd)

1.94 (H-O-Hd)
1.94 (H-O-Hd)
1.94 (H-O-H)

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Table 6.5 The parameters used in harmonic potentials restraining the dummy protons of the Al-sub model. Hg means

the dummy proton. Equilibrium bond lengths (do) are in bohr and equilibrium angles (ao) are in radians. All the

coupling constants are in a.u.

Surface

Acids

N4

do

kq

Ng

Olo

Kq
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1[010]

1[010]

1[110]

1[110]

=AIT(OH>)

=AIT(OH)

=AIT(OH)Al

=AIT(O)(OH)AL

=A1T(OH2)2

=AIT(OH)

=AI(OH2)2

=A1(OH)(OHa)

=A1T(OH2)2

=AIT(OH)

=AIT(OH)Al

=AI(OH,)

=A1T(OH2)2

=AIT(OH)

=A1(OHa):

=AIl(OH)(OH>»)

H;O*

1.88

1.88

1.82

1.82

1.89

1.89

1.89

1.89

1.86

1.86

1.88

1.87

1.89

1.89

1.92

1.92

1.89

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

1.0

2

1.91 (H-O-Hd)
2.11 (AI™-0-Hd)

2.03 (AI"-O-Hd)

1.80 (AI"-O-Hd)
2.07 (Al-O-Hd)

1.80 (AI"-O-Hd)
2.07 (Al-O-Hd)

1.88 (H-O-Hd)
2.13 (AI"-O-Hd)

2.02 (AI™-0-Hd)

2.01 (H-O-Hd)
2.21 (Al-O-Hd)

1.95 (H-O-Hd)
2.01 (Al-O-Hd)

1.86 (H-O-Hd)
2.12 (AI"-O-Hd)

2.02 (AI™-0-Hd)

2.01 (AI™-0-Hd)
1.92 (Al-0-Hd)

1.82 (H-O-Hd)
2.12 (Al-0-Hd)

1.81 (H-O-Hd)
2.03 (AI™-0-Hd)

2.01 (AI™-0-Hd)

1.91 (H-O-Hd)
2.19 (Al-0-Hd)

1.91 (H-O-Hd)
2.19 (Al-0-Hd)

1.94 (H-O-Hd)
1.94 (H-O-Hd)
1.94 (H-O-H)

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

6.2.4 Surface Complexation Modeling

An in-house version of PHREEQC which considers the spillover of electrostatic potential from

basal surfaces was used to calculate the protonation state of clay layer edge surfaces.
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6.3 Results and Discussion

6.3.1 FPMD Simulations

6.3.1.1 Surface Structures of Cis-Vacant Model

Compared with the trans-vacant model, the surface perpendicular to [010] of cis-vacant model
has a special structure with symmetrical vacancy surrounded by =Si(OH)>;Al/Mg and =Si(OH)

(Figure 6.3a). Vacancy usually serves as adsorption site for heavy metals. Similar to trans-vacant edge

perpendicular to [010] direction, [010] direction has =A1(OH.), and =Si(OH) (Figure 6.3b). Both

surfaces perpendicular to [110] and [110] on cis-vacant model are inclined edges which are the similar
as trans-vacant edge perpendicular to [110]. Such beveled surfaces have different silanol groups, i.e.,
=Si(OH)V (silanol on upper T-sheet) and =Si(OH)" (silanol on lower T-sheet). For edge perpendicular
to [110], there are =Al(OH,), and =AI(OH)AL sites (Figure 6.3¢). In addition, edge perpendicular to
[110] has the same type of surface sites (i.e. =AI(OHz) and = Si(OH)AI) (Figure 6.3d) as the trans-

vacant edge perpendicular to [110]. In the case of Mg?* substitution, =Si(OH)>:Mg and =Mg(OH>),

appeared on surfaces perpendicular to [010] and [ 110], while the surface sites on surfaces

perpendicular to [010] and [110] are the same to No-sub model because the cis-octahedron substituted

by Mg?" is inside the bulk phase (Figure 6.4).

The energy gaps and deprotonation-free energies were listed in Tables 6.6-6.10. The calculated
vertical energy gaps were well converged within 0.08 eV and the statistical errors for pKa were
smaller than 1.6 pKa units for all surface groups. The uncertainties of the pKa value were evaluated

with the semi-difference method. Similar to the Mg(II)-substituted model in our previous report, the

surface sites of the Fen/Fem-sub model on surfaces perpendicular to [010] and [110] are identical to

the non-substituted model because the substituted cis-octahedron is inside the bulk phase,(Figures

6.5b and 6.5¢c) while the surface sites on surfaces perpendicular to [010] and [110] are altered (e.g.,

=Femm(OH2), and =Si(OH) Fewm sites).(Figures 6.5a and 6.5d) In the Al-sub model, there is an
additional specific site of =A1T(OH>) compared to the non-substituted model. Because the influence
of isomorphic substitution on surface pKa values is usually limited in one unit cell, the properties of

the opposite =Si(OH) group were not calculated in the Al-sub model.
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Table 6.6 Free energies (in eV) and pKa values of surface groups of the No-sub model.

Models Sites n=10 n=0.5 n=0.0 AgpAleV pKas
=SiOH 13.62 &+ 0.03 17.21 £ 0.05 2047 x 0.06 17.16 = 0.05 68 = 14
=Si(OH)2Al 1456 &+ 0.08 16.65 £ 0.06 19.05 x 0.05 16.70 = 0.06 -0.8 = 1.6

o1l =Si(O)(OH)Al 13.92 &+ 0.06 17.26 £ 0.05 19.65 &= 0.01 17.10 £ 0.05 59 = 1.3
H;0* 12.82 &+ 0.02 16.76 = 0.04 19.51 £ 0.02 16.56 = 0.03 —
=SiOH 1449 + 0.05 17.59 £ 0.04 20.51 * 0.04 17.56 £ 0.04 8.1 = 1.2
=Al(OH2)2 12.50 &+ 0.08 17.95 £ 0.05 2021 * 0.06 1742 £ 006 57 = 14

1[010] =Al(OH)(OH,) 13.65 + 0.03 18.01 £ 0.05 20.27 £ 0.04 17.66 + 0.05 9.8 * 1.2
=A1(OH)AI 12.67 &+ 0.04 1848 X 0.06 20.61 x 0.04 17.87 = 0.05 132 = 14
H;0* 1264 £ 0.02 17.26 = 0.03 19.67 £ 0.03 16.89 X 0.03 —
=SiOHY 14.13 £ 0.03 17.78 £ 0.07 2030 £ 0.05 17.59 = 0.06 63 *x 1.5
=SiOH" 1428 + 0.03 17.81 £ 0.05 2022 + 0.02 17.62 £ 0.04 68 = 1.2

L [110] =Si(OH)Al 13.15 &+ 0.04 16.59 £ 0.04 19.64 = 0.03 16.53 = 0.04 -11.7 £ 1.1
=AI(OH>) 13.63 &+ 0.06 1798 £ 0.06 19.78 * 0.04 17.56 = 0.09 56 = 14
H;0* 13.10 & 0.03 17.29 £ 0.03 1991 £ 0.02 17.03 = 0.03 —
=SiOHY 13.95 &+ 0.04 1749 £ 0.06 19.64 = 0.03 17.26 = 005 74 = 14
=SiOH 13.55 &+ 0.03 17.51 £ 0.05 2021 + 0.02 17.30 £ 0.04 8.1 &= 1.2

1[110] =Al(OH2): 13.06 &+ 0.04 17.58 £ 0.08 20.03 * 0.02 17.24 £ 0.06 7.0 = 1.6
=A1(OH)AI 12.64 &+ 0.07 18.52 £ 0.04 2049 + 0.03 17.87 £ 0.04 17.6 £ 1.3
H;0* 1228 + 0.04 1697 = 0.03 19.60 £ 0.03 16.63 = 0.03 —

Table 6.7 Free energies (in eV) and pKa values of surface groups of the Mg-sub model.
Models Sites n=1.0 n=0.5 n=0.0 AgpAleV pKas
=SiOH 13.99 £ 0.0518.23 £ 0.0319.15 £ 0.03 17.68 = 0.03 9.0 = 1.0
1[010] =Si(OH)Mg 13.57 £ 0.04 18.03 £ 0.0619.03 £ 0.04 17.45 + 0.05 53 = 1.3
=Si(O)(OH)Mg 13.48 4+ 0.02 18.37 * 0.0419.02 * 0.05 17.66 = 0.04 8.8 x£ 1.0

Thesis Pengyuan Gao — 2023
ISTO

101



Acid—Base Properties of Cis-Vacant Montmorillonite Edge Surfaces: A Combined First-Principles Molecular Dynamics and Surface

Complexation Modeling Approach

H;0* 1334 £ 0.03 17.12 £ 0.0219.87 £ 0.02 16.95 & 0.02 —
=SiOH 13.89 £ 0.04 17.81 £ 0.0520.24 £ 0.05 17.56 = 0.05 11.0 & 1.2
=Al(OH2)2 12.51 £ 0.03 17.69 £ 0.0220.31 £ 0.04 17.26 = 0.03 59 £ 09
1[010] =AIl(OH)(OH») 12.48 + 0.02 18.03 £ 0.0320.47 *+ 0.02 17.51 + 0.03 10.1 £+ 0.8
=Mg(OH)Al  12.89 4 0.06 18.19 * 0.0321.73 * 0.03 17.90 = 0.04 16.6 = 1.0
H;0* 12.83 £ 0.03 16.99 £ 0.0219.52 £ 0.03 16.72 &= 0.02 —
=SiOHY 1294 £ 0.07 17.79 £ 0.0420.36 £ 0.02 17.41 = 0.04 9.1 £ 1.1
=SiOH" 1321 £ 0.04 17.82 £ 0.0520.44 £ 0.03 17.49 X+ 0.05 104 * 1.2
1 [110] =Si(OH)Al 12.87 £ 0.03 16.58 £ 0.0219.49 £ 0.03 16.45 = 0.02 -7.1 £ 0.8
=AI(OH>) 13.57 £ 0.03 17.62 £ 0.0120.19 £ 0.02 17.37 & 0.02 8.5 £ 0.7
H;0* 1321 £ 0.01 16.87 £ 0.0319.41 £ 0.02 16.68 * 0.03 —
=SiOHY 12.82 £ 0.05 17.93 £ 0.0620.08 £ 0.04 17.44 = 0.06 89 = 14
=SiOH 12.87 £ 0.04 17.88 £ 0.0420.35 £ 0.03 17.46 = 0.04 92 £ 1.1
1[110] =Mg(OHa) 12.81 £ 0.04 18.31 £ 0.0320.81 £ 0.04 17.81 &= 0.03 15.1 £ 1.0
=Mg(OH)Al  13.22 4 0.02 18.56 * 0.0320.66 * 0.03 18.02 = 0.03 18.7 = 0.9
H;0* 13.52 £ 0.02 16.85 £ 0.0319.42 £ 0.02 16.72 &= 0.03 —
Table 6.8 Free energies (in eV) and pKa values of surface groups of the Fep-sub model.

Models Sites n=1.0 n=0.5 n=20.0 AgpAleV pKas
=SiOH 12.86 &+ 0.03 18.31 £ 0.03 2025 * 0.05 17.73 £ 0.03 122 %= 1.0
=Si(OH)2Fe 1431 £ 0.05 1796 £ 0.04 20.57 &+ 0.03 17.79 £ 0.04 132 £ 1.1

o1l =Si(O)(OH)Fe 13.69 & 0.03 18.52 + 0.02 20.38 &= 0.03 18.03 £ 0.02 17.2 * 0.8
H;0* 13.04 &+ 0.03 17.18 = 0.02 19.08 £ 0.04 16.81 = 0.03 —
=SiOH 1442 + 0.05 1795 £ 0.04 20.00 &= 0.04 17.70 = 0.04 135 £ 1.1

_ =Al(OHy) 13.46 + 0.08 1791 £ 0.05 1993 + 0.05 17.51 £ 0.03 102 £ 09

Hotol =Fe(OH)AI 14.14 + 0.04 18.39 £ 0.06 20.88 + 0.03 18.10 = 0.03 20.1 £ 1.2
H;0* 1345 + 0.03 16.83 £ 0.02 19.50 = 0.02 16.71 £ 0.02 —

1 [110] =SiOHY 13.94 + 0.04 18.25 £ 0.03 20.06 + 0.02 17.83 = 0.03 13.8 £ 09

Thesis Pengyuan Gao — 2023
ISTO

102



Acid—Base Properties of Cis-Vacant Montmorillonite Edge Surfaces: A Combined First-Principles Molecular Dynamics and Surface

Complexation Modeling Approach

=SiOH 13.65 &+ 0.06 18.23 £ 0.04 20.03 * 0.05 17.77 £ 0.05 12.7 £ 1.2
=Si(OH)Al 13.38 &+ 0.03 16.78 £ 0.05 18.83 * 0.02 16.56 = 0.04 -7.7 = 1.1
=AI(OH>) 1440 &+ 0.02 17.88 £ 0.01 1994 + 0.02 17.64 = 0.0l 10.7 £ 0.6
H;0* 1234 &+ 0.04 17.21 £ 0.02 19.76 = 0.02 16.82 = 0.02 —
=SiOHY 1426 + 0.04 18.25 £ 0.03 20.10 = 0.03 17.89 = 0.03 123 %= 1.0
=SiOH 13.75 &+ 0.03 18.32 £ 0.08 20.00 + 0.02 17.84 £ 0.06 114 £ 15
1[110] =Fe(OHa): 13.48 + 0.03 18.25 £ 0.06 2036 * 0.02 17.81 £ 0.05 109 £ 1.3
=Fe(OH)AI 15.61 = 0.05 18.36 £ 0.02 2098 + 0.01 18.34 = 0.02 19.8 £ 09
H;0* 12.55 &+ 0.02 17.46 = 0.03 1940 £ 0.03 16.97 = 0.03 —
Table 6.9 Free energies (in eV) and pKa values of surface groups of the Fen-sub model.

Models Sites n=1.0 n=0.5 n=0.0 AgpAleV pKas
=SiOH 1423 £ 0.01 17.97 £ 0.0319.50 £ 0.01 17.60 = 0.02 8.8 = 0.6
=Si(OH);Fe  14.15 4 0.03 17.28 * 0.0319.05 * 0.02 17.05 = 0.03 -04 * 0.7

o0 =Si(O)(OH)Fe 14.95 4 0.02 17.48 = 0.0119.63 * 0.03 1742 &+ 0.02 5.7 £ 0.5
H;0* 12.81 £ 0.02 17.42 £ 0.0118.84 £ 0.02 16.89 X 0.02 —
=SiOH 14.12 £ 0.02 17.79 £ 0.0219.64 £ 0.04 17.49 £+ 0.02 9.0 £ 0.7
=Al(OH2)2 13.05 £ 0.01 17.29 £ 0.0319.45 £ 0.03 16.94 &+ 0.03 -0.1 £ 0.8

1[010] =AI(OH)(OH») 13.06 *+ 0.03 17.78 £ 0.0119.71 #+ 0.02 17.32 £+ 0.02 6.1 * 0.6
=Fe(OH)AI 13.71 £ 0.01 17.90 £ 0.0319.55 £ 0.04 17.48 &= 0.03 89 £ 0.8
H;0* 12.27 £ 0.02 17.32 £ 0.0218.99 £ 0.01 16.76 X 0.02 —
=SiOHY 1422 £ 0.01 18.31 £ 0.0219.77 £ 0.03 17.87 & 0.02 84 £ 0.7
=SiOH" 14.17 £ 0.03 18.29 £ 0.041942 £ 0.0517.79 = 0.04 7.1 £ 1.0

1 [110] =Si(OH)Al 13.35 £ 0.02 16.80 £ 0.0718.47 £ 0.02 16.50 &= 0.05 -14.6 = 1.2
=AI(OH>) 14.83 £ 0.04 17.81 £ 0.0219.12 £ 0.02 17.53 &+ 0.02 2.7 £ 0.7
H;0* 1326 £ 0.01 17.69 £ 0.0219.04 £ 0.03 17.18 & 0.02 —

__ =Sionv 1431 £ 0.02 17.95 £ 0.0620.08 £ 0.03 17.70 = 0.05 79 £ 1.3

1[110]
=SiOH 13.85 £ 0.03 18.08 £ 0.0320.09 £ 0.01 17.71 &+ 0.03 8.1 £ 09
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=Fe(OH2)2 14.61 £ 0.07 16.82 £ 0.0118.76 £ 0.06 16.78 = 0.03 -7.7 £ 0.9

=Fe(OH)(OHy) 13.53 4 0.03 17.51 * 0.0820.30 x 0.04 17.37 £ 0.07 23 £ 15

=Fe(OH)AI 13.69 £ 0.01 18.20 £ 0.0119.74 £ 0.03 17.71 &£ 0.01 8.0 £ 0.7

H;0* 12.80 £ 0.03 17.66 £ 0.0318.77 £ 0.01 17.04 & 0.03 —
Table 6.10 Free energies (in eV) and pKa values of surface groups of the Al-sub model.

Models Sites n=10 n=0.5 n=0.0 AgpAleV pKas
=AIT(OH>) 13.88 & 0.08 17.68 = 0.03 20.13 £ 0.04 1746 = 0.04 3.1 = 13
=AIT(OH) 13.57 & 0.03 1848 £ 0.04 21.11 * 0.03 18.10 £ 0.04 14.0 £ 1.3

1[010] =AIT(OH)Al 1434 &= 0.03 1791 x 0.05 20.17 = 0.05 17.69 £ 0.05 7.1 = 14
=AIT(OH)(O)Al 13.27 X+ 0.01 18.88 £ 0.03 20.58 & 0.02 18.23 £ 0.03 16.1 £ 1.0
H;0* 12.76 &+ 0.02 1743 £ 0.04 1999 + 0.04 17.08 = 0.04 —
=AIT(OH2)2 13.48 + 0.03 17.21 £ 0.01 20.64 = 0.03 17.16 £ 0.02 29 X 0.7
=AIT(OH) 14.67 &+ 0.05 17.81 = 0.03 20.84 + 0.04 17.79 = 0.04 142 = 1.0

1[010] =Al(OHz). 1290 + 0.05 17.85 £ 0.04 2044 + 0.03 1746 £ 004 78 = 1.2
=AI(OH)(OHz) 12.49 & 0.04 1831 £ 0.03 20.14 &+ 0.04 17.65 £ 0.03 11.0 £ 1.0
H;0* 12.55 &£ 0.02 17.05 = 0.03 19.82 £ 0.02 16.76 = 0.03 —
=AIT(OH2)2 14.16 &= 0.06 1796 £ 0.04 20.08 * 0.02 17.68 = 0.04 3.0 = 1.1
=AIT(OH) 14.19 &+ 0.03 18.75 £ 0.03 21.00 * 0.05 18.37 = 0.03 145 £ 1.2

1[110] =AIT(OH)AL 1423 + 0.03 18.18 £ 0.02 20.51 * 0.01 1791 £ 0.02 69 X 0.9
=AI(OH>) 1524 + 0.05 18.23 £ 0.02 20.54 + 0.02 18.12 = 0.03 104 = 1.0
H;0* 13.08 &+ 0.04 17.72 £ 0.03 1991 £ 0.03 17.31 &= 0.03 —
=AIT(OH2)2 13.84 &+ 0.02 1748 £ 0.03 20.74 = 0.06 1742 = 003 1.5 = 1.0
=AIT(OH) 1491 + 0.03 18.34 £ 0.06 20.86 + 0.03 18.07 £ 0.05 144 £ 1.3

1[110] =Al(OH2): 1438 &+ 0.07 17.87 £ 0.02 20.03 * 0.04 17.69 = 0.03 6.0 = 1.0
=AI(OH)(OHz) 14.32 &+ 0.03 18.16 = 0.05 2049 X 0.03 1791 * 0.04 9.7 £ 1.2
H;0* 1337 &+ 0.03 17.44 £ 0.03 19.60 £ 0.02 17.14 &= 0.03 —

104

Thesis Pengyuan Gao — 2023

ISTO



Acid—Base Properties of Cis-Vacant Montmorillonite Edge Surfaces: A Combined First-Principles Molecular Dynamics and Surface
Complexation Modeling Approach

6.3.1.2 Acidity Constant of Cis-Vacant Model

The pKa values of all edge surfaces sites for the No-sub, Mg-sub, Fe(II)/Fe(I1I)-sub and Al-sub
models were computed with statistical uncertainties within 1.6 pKa units (Tables 6.6-6.10). The
uncertainties of pKa value were evaluated as the semi-difference between the value using the first

half of the trajectory only and the second half of the trajectory only. Figure 6.6 shows the

accumulating averages of vertical energy gaps of =Al(OHz), on edge perpendicular to [110] and

=Si(OH) on edge perpendicular to [010], which indicated that the results coverged within the

simulation period and the effect of possible dipole was negligible.

B L[070] Slab =Si(OH)pKa=8.1
B | [T70] Slab =Al(OH) pKa=7.0 BN L[T10] Slab H,0"

22 B L[T10] Cluster =Al(OH,), pKa = 6.8
2k e n=0.0 20.51 eV
720 N 1=0.0 20.03 eV
R — 1=0.0 19.60eV
19F
N=0.0 18.17 eV
18 1=0.5 17.59 eV
.FET:; P = n=0.5 17.58 eV
~ I it
o 17~ n=0.5 16.97 eV
§ 16 P n=0.5 16.35 eV
gl
wm 15h:

et e e e e e ——— nN=1.0 14.49 eV

n=1.0 12.28 eV
n=1.0 12.12 eV

— With dipole correction
--- Without dipole correction

0 1 2 3 4 5 6 7 8 9 10
Time(ps)

Figure 6.6 Evolution of the time-averaged energy gaps for =A1(OH»), on surface perpendicular to [HO] (cluster
and slab systems) and =Si(OH) on surface perpendicular to [010] (slab system). The origin of the time axis is set at
the start of the averaging.

On surface perpendicular to [010], =Si(OH)Al site had the lowest pKa (-0.8), indicating that
the site mostly deprotonated at a common pH value. Proton dissociation at =Si(OH),Al site increased

the pKa of =SiO(OH)AI to 5.9, suggesting that =SiO(OH)Al and =SiO(O)Al are dominant surface
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species under environmentally relevant conditions. The =Si(OH) site had a pKa of 6.8, which was

similar to the pKa of 7.0 of the silanol on trans-vacant model (Figure 6.7). Furthermore, the pKa
values of =Si(OH) site on edge perpendicular to [0 1 0] and the bound water at
=Al(OH,)»/=Al(OH)(OH>) sites were 8.1 and 5.7/9.8, respectively. These results were also consistent
with the similar sites (=Si(OH), =Al(OH»), and =A1(OH)(OH»)) on trans-vacant edge perpendicular
to [010] considering the model calculation error margin. The =A1(OH)AL site on edge perpendicular
to [010] had a pKa value of 13.2, indicating that it remained protonated even at high pH values.

On surface perpendicular to [110], the pKa values of =Si(OH)Y and =Si(OH)* were 6.3 and 6.8,

close to the values obtained for the silanols on edge perpendicular to [110](i.e., 7.4 and 8.1,

respectively) (Figure 6.7b). A similar result has been described for silanol sites on trans-vacant surface
(i.e. 8.0 vs 8.3 for =Si(OH)Y and =Si(OH)" sites). Similar to the trans-vacant model, = Si(OH)Al on

edge perpendicular to [110] had a pKa of -11.7, implying that it was unstable in the presence of water.
=Al(OH,) site on edge perpendicular to [110] and =Al(OH>), on edge perpendicular to [110] of cis-

vacant model had pKa values of 5.6 and 7.0, respectively, which were close to the =Al(OH>») site on

trans-vacant edge perpendicular to [110] (i.e. pKa of 5.5). For =AI(OH)AI site on edge perpendicular

to [110] (i.e. the structural OH), the pKa value was 17.6, indicating that it should not contribute to

edge surface acid-base properties.

Previous studies show that the influence of isomorphic substitution on surface pKa values is
usually limited in one unit cell. In our cis-vacant model, Mg?" substitution took place in the first
octahedral layer on the surface perpendicular to [010] (Figure 6.4a). The pKa of the =Si(OH) site
connected with Mg via bridging oxygen was 9.0, while the pKa values of =Si(OH)Mg and
=SiO(OH)Mg sites were 5.3 and 8.8, respectively (Figure 6.7b). Therefore = Si(OH)Mg can
contribute to the titration data, which is in contrast to the = Si(OH)>Al site on the No-sub model

described previously. All of the pKa values were higher than their counterparts on the No-sub model,

similar to the finding for trans-vacant surfaces. On surface perpendicular to [010], the edge surface

sites have the same nomenclature as on No-sub surface except that they connect with Mg via bridge

oxygen. The =Si(OH) site had a pKa of 11.0, which was consistent with the Mg-sub trans-vacant edge
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perpendicular to [010] (10.8). However, the pKa values of =A1(OH), and =Al(OH»)(OH) site were
5.9 and 10.1, respectively, which were close to the values of the counterparts on the No-sub model
(i.e. 5.7 and 9.8), suggested that the effect of Mg?* substitution on Al sites was weak. =Mg(OH)ALl
site had a very high pKa of 16.6, and therefore should be kept protonated in water.

Similar effect of Mg-sub has been found for the other surfaces. =Si(OH)Y and =Si(OH)" sites on
Mg-sub cis-vacant edge perpendicular to [110] had pKa values of 9.1 and 10.4, respectively, which
were higher than their counterparts on the No-sub model (Figure 6.4b). The =Al(OH>) site mostly
kept protonated under a neutral pH (pKa of 8.5), while =Si(OH)ALI site was deprotonated (pKa of -

7.1). On surface perpendicular to [110] of Mg-sub model, the pKa values of =Si(OH)Y and =Si(OH)"

sites increased slightly to 8.9 and 9.2 compared to No-sub model (i.e., 7.4 and 8.1), respectively.
=Mg(OH>): and the structural OH site (i.e., =Mg(OH)AI) were inert because of their high pKas (15.1

and 18.7 respectively).

For the reduced Fep-sub model, the =Si(OH) sites on surfaces perpendicular to [010] and [010]

had high pKa values of 12.2 and 13.5, which was similar to the silanol on Fe(II) substituted trans-

vacant model (i.e. pKa of 11.2). On surfaces perpendicular to [110] and [110], =Si(OH)V and

=Si(OH)" also had high pKa values while being similar within 1.1 pKa unit (i,e., pKa of 13.8 vs 12.7

and 12.3 vs 11.4, respectively). The results suggested that the substitution of Fe(II) led to an increase

in the pKa value of the adjacent =Si(OH) site to the extent that it would remain protonated in water.
On the surface perpendicular to [010], the vacancy sites =Si(OH),Fen and =Si(O)(OH)Fer had

higher pKa values of 13.2 and 17.2, respectively, and therefore did not dissociate under ambient pH

conditions. Furthermore, the pKa values of =Al(OH>), site on edge perpendicular to [010] and the

structural OH group of the =Fen(OH)Al site were 10.2 and 20.1 respectively, both of which had higher
pKa values compared to the non-substituted model (pKa of 5.7 and 13.2). On the surface
perpendicular to [110], the pKa value of the =Si(OH)AL site was -7.7, indicating that it was unstable
in water and this site remained dissociated, which was consistent with the non-substituted model (pKa

of -11.7). The pKa value of the =Al(OHb»); site on the surface perpendicular to [110] was similar to

that of the surface perpendicular to [010] (10.7 vs 10.2). In the meantime, the pKa value of

=Fen(OH,), site on surface perpendicular to [110] was similar to =Al(OH), on the surface
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perpendicular to [110] with 10.9, while the results were also consistent with the =Fen(OHb»): site on

the trans-vacant model (i.e. pKa of 10.2). Structural =Fen(OH)ALI site on the surface perpendicular to

[110] remained nonreactive because of a high pKa value of 19.8.

In the Femr-sub model, =Si(OH):Fem and =Si(O)(OH)Fem on edge perpendicular to [010] had
pKa values of -0.4 and 5.7 (Table 6.9), which were close to the =Si(OH),Al and =Si(O)(OH)AL sites

of the non-substituted model (pKa of -0.8 and 5.9). However, on the surface perpendicular to [010],

the =Al(OH>); site had a much lower pKa value than in the non-substituted model (-0.1 and 5.7
respectively), while the pKa values of =AI(OH)(OH>) and =Fem(OH)AI were also decreased to 6.1
and 8.9, respectively. On the surface perpendicular to [110], =Si(OH)AIl and =Al(OH») had pKa
values of -14.6 and 2.7, which suggested that the protonated forms were not stable at environmentally

relevant pH values. The pKa values of =Fei(OHz)2 and =Feni(OH)(OHb») on surface perpendicular to

[110] were -7.7 and 2.3, respectively. Moreover, the pKa value of the =Fer(OH)AL site on the surface

perpendicular to [110] closely resembled the same site on the surface perpendicular to [010] with a

pKa value of 8.7 (vs 8.9).

The pKa values of the =Si(OH) site on surfaces perpendicular to [010], [010], [110] and [110]

of the =Fem-sub model were all increased by 0.0~2.0 pKa units compared to the non-substituted

model. For example, the =Si(OH) site on surfaces perpendicular to [010] and [010] had pKa values

of 8.8 and 9.0, which was slightly higher than that of the non-substituted model (i.e. pKas of 6.8 and
8.1). =Si(OH)Y and =Si(OH)" had pKa values of 8.4 and 7.1 on the surface perpendicular to [110],
while it was 6.3 and 6.8 for the non-substituted model. Meanwhile, =Si(OH)Y and =Si(OH)" had pKa

values of 8.1 and 7.9 on the surface perpendicular to [110], both of which were close to the non-

substituted model, i.e. 8.1 and 7.4. Considering the computational error, it is difficult to state
unequivocally that Fe(Ill)-substitution affects the neighboring silanol site. But from another
perspective, compared to the acidity constants obtained with the Fen-sub model, Fe oxidation (Fem-
sub) decreased the pKa values of the counterpart sites, which was consistent with results obtained
previously with a trans-vacant model.

The calculated pKa values of tetrahedral =AlT(OH2) and =Al"(OH) sites on the edge
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perpendicular to [010] were 3.1 and 14.0, respectively. The lower pKa value of the =A1T(OH,) site

indicated that it rarely occurred in the normal pH range. In addition, the pKa values of

=A1"(OH)/=A1"(OH) were 2.9/14.2, 3.0/14.5, and 1.5/14.4 on surfaces perpendicular to [010], [110]

and [110], while on the trans-vacant surfaces perpendicular to [010] and [110] the pKa values were -

2.4/15.1 and -2.4/17.5, respectively. Hence, similar results were obtained for all =A1"(OH:)/=A1"(OH)
sites. On the surface perpendicular to [010], =AIT(OH),Al and =A1(O)(OH)AL site had pKa values
of 7.1 and 16.1, suggesting that =Al"(O)(OH)Al was the dominant surface species under

environmentally relevant conditions. As shown in Figure 6.8, octahedral =Al(OH2), and

=Al(OH)(OH>) site on surfaces perpendicular to [010] and [110] were 7.8/11.0 and 6.0/9.7,

respectively, which were similar to the pKa values of the counterpart site on the surface perpendicular

to [010] of the non-substituted model (5.7/9.8), indicating a weak influence of AI(IIT) substitution.

Bridging sites =A1T(OH)AI on the surface perpendicular to [110] exhibited a pKa value of 6.9, which
was different from other substitution cases of the =Si(OH)ALI site having a very low pKa value (-7.7
for the Fen-sub model, -14.6 for the Femr-sub model, -7.1 for the Mg-sub model and -11.7 for the No-
sub model). On the other hand, the =AI"(OH)AL site could participate in acid-base reactions in the
common pH range and was similar to the sites on the surface perpendicular to [110] in an Al(III)-
substituted trans-vacant model. Furthermore, the pKa value of the =AI(OH>) site on the surface
perpendicular to [110] was also increased to 10.4 compared to 5.6 of the non-substituted model.
From the above analysis, the Fe(III) substitution decreased the pKa values at the local sites while
iron reduction (Fe(Il) substitution) increased significantly the pKa values at the local and adjacent
sites. Such influence of Fe(Il) substitution was similar to that of Mg-substitution in trans- and cis-
vacant structures. AI(ITT) substitution generated a reactive site =A1"(OH>) in the ambient pH condition.
In addition, the effect of the AI(III) substitution on neighboring sites was weak, however, the effect
on the acidity of the bridging site (=AI"(OH)AL =Al"(OH),Al and =Al'(O)(OH)AI sites) was

particularly significant. This phenomenon was similar to that found in the trans-vacant model.
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Figure 6.7 Edge surface sites and pKa values of trans-(a) and cis-(b) vacant clay models.
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Figure 6.8 Edge surface sites and pKa values of Fe(I)/(I11)- and Al(III)-substituted clay models. (a) trans-vacant
model and (b) cis-vacant model.

Table 6.11 summarized the pKa values calculated in this study as well as the results obtained
previously for non- and Mg-substituted cis-vacant TOT layer and trans-vacant TOT layer. This
database can be used for further modeling studies of natural montmorillonites which contain various
substitutions. A cis-vacant model has more diverse sites than a trans-vacant model. For example,
=Si(OH)2Al was the unique site on edge surfaces on cis-vacant model, and it was the major reactive

site under ambient pH. Moreover, the structural OH sites (=AI(OH)ALI) on surfaces perpendicular to

[010] and [110] had extremely high pKa values, which do not show reactivity at a common pH.
Overall, these acidity results imply that, =Si(OH), =AI(OH>)»/=Al(OH)(OH>),=Si(O)(OH)AI and
=Al(OHy) sites on edge surfaces of non-substituted cis-vacant layer are the major reactive sites,
whereas the reactivity of trans-vacant layers mainly depends on =Si(OH), =AI1(OH;)./=A1(OH)(OH>)
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and =AI(OH>) sites. The distributions of dominant surface sites on No-sub cis-vacant edge surfaces
were shown in Figure 6.9. Mg?" substitution increased the pKa values of neighboring sites, which can

alter the acid chemistry of some sites (e.g., =Si(OH)>Mg and =Mg(OH>)>).

Figure 6.9 Distributions of dominant surface sites on cis-vacant structure as a function of pH.

The Fe(Ill) substitution decreased the pKa values at the local sites. Iron reduction (Fe(II)
substitution) caused the pKa values at the local and adjacent sites significantly increased, which was
similar to the case of Mg-substituted in montmorillonite (including trans- and cis-vacant structures).
AI(III) substitution generated a reactive site =A1T(OH>) in the ambient pH condition. In addition, the
effect of the AI(III) substitution on neighboring sites was weak, however, the effect on the acidity of
the bridge site (=AI"(OH)Al, =A1T(OH):Al and =AI"(O)(OH)AL sites) was particularly significant.
This phenomenon was also found in the trans-vacant model. With these pristine acidity constants, we
established the complete edge surfaces acidity dataset for the TOT clay layer. The database can be

used for further modeling studies of real montmorillonites which contain various substitution cases.
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Table 6.11 Summary of Complete pKa Values of Edge Sites on Individual Surfaces of Trans/Cis-Vacant Models (tv

and cv, Respectively)

Sites cv 1 [010] ¢v L[010] cvL[110] cv L [110] tv 1[010] v L]110]

=Si(OH) 6.8 8.1 6.3/6.8" 7.4Y/8.1" 7.0 8.0V/8.3"

=AIl(OH2)2/
— 5.7/9.8 — 7.0/— 3.1/83 —
=AI1(OH)(OH>)

=Al(OH2) — — 5.6 — — 5.5
No-sub
=Si(OH)AI — — -11.7 — — 1.7

=Si(OH)Al/
-0.8/5.9 — — — — —
=Si(0)(OH)Al

=AI(OH)Al — 13.2 — 17.6 — —

=Si(OH) 9.0 11.0 9.19/10.4% 8.9Y/9.2¢ 10.8 11.0
=Mg(OHz): — — — 15.1 13.2 —
=Si(OH)Mg — — — — — 4.2
=AI(OH2)./
— 5.9/10.1 — — — _
=Al(OH)(OHz)
Mg-sub

=Al(OH>) — — 8.5 — — —
=Si(OH)Al — — -7.1 — — —
=Si(OH)Mg/

5.3/8.8 — — — — —
=Si(O)(OH)Mg

=Mg(OH)Al — 16.6 — 18.7 — —

=Si(OH) 12.2 13.5 13.8Y/12.7¢ 12.3Y/11.4% 11.2 —
=Fe(OH2)2 — — — 10.9 10.2 —
=Al1(OH2)2 — 10.2 — — — —
=Al(OH2) — — 10.7 — — —
Fen-sub

=Si(OH)Al — — -7.7 — — —
=Si(OH):2Fe/

13.2/17.2 — — — — —
=Si(O)(OH)Fe

=Fe(OH)Al — 20.1 — 19.8 — —
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=Si(OH) 8.8 9.0 8.4Y/7.1- 7.9Y/8.1" 8.6 —

=Fe(OHa)./
_ — — -7.7/2.3 1.2/5.1 —
=Fe(OH)(OH>)

=AI(OH2)./
— -0.1/6.1 — — — _
=Al(OH)(OHz)
Femr-sub
=Al(OH2) — — 2.7 — — —

=Si(OH)Al — — -14.6 — — —
=Si(OH):Fe/

0.4/5.7 — — — — —
=Si(0)(OH)Fe

=Fe(OH)Al — 8.9 — 8.0 — —

=AI"(OH:)/
24/11.6  29/119  3.0/13.9 15124 24/151  -24/175
=AI"(OH)

=AI(OH2)./
— 7.2/10.3 — 6.0/8.6 4.9/8.5 —
=Al(OH)(OH>)
Al-sub
=AI(OH») — — 10.4 — — 12.7

=AI"(OH)AL — — 6.9 — — 10.2
=AI"(OH),Al/

6.4/15.4 — — — — —
=AI"(0)(OH)Al

*The pKa values of the trans-vacant model were taken from Liu et al. (Liu et al. 2014, 2015)
"The pKa values of the No-sub and Mg-sub cis-vacant model were taken from Gao et al. (Gao et al. 2023)

6.3.2 Predicted SCM for Cis-Vacant Clay Minerals

Previous studies have established prediction models of the acid-base titration data, in which the
acidity constants were based on trans-vacant model, and the results indicated that the surfaces
perpendicular to the different crystallographic directions have different surface charge. For
comparison, we employed two sets of pKa values from the trans- and cis-vacant models to construct
the SCM on different edge surfaces.

On common edge surfaces of trans- and cis-vacant models (i.e. surface perpendicular to [010],

[010], [110] and [(110] crystallographic directions), the surface charge decreased with increasing pH

to a similar extent for the two models (Figure 6.10 top). Moreover, edge surface charge of both trans-
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and cis-vacant models had little dependence on Mg?* substitutions, but the dependence on the crystal

plane orientation was strong.

The averaged charge of surfaces perpendicular to [010] and [010] and [110] and [110] in the cis-

vacant model was compared with to the charge of surfaces perpendicular to [010] and [110] in the

trans-vacant model (Figure 6.10 bottom), respectively. At 0.1 mol-L™! NaCl, the averaged charge of

surfaces perpendicular to [010] and [010] in the cis-vacant model was slightly higher than that of

surface perpendicular to [010] in the trans-vacant model at pH<6.0, and identical to each other at

higher pH values. The surface charge on cis-vacant surfaces perpendicular to [110] and [110] were

higher than trans-vacant surface perpendicular to [110] at pH<8.8, but the surface charge of cis-
vacant surfaces decreased with a larger slope than that of trans-vacant surface, leading to a more
negative surface at pH above 8.8. Changes in ionic strength were predicted to have a significant
effect on surface charge. Both cis- and trans-vacant models showed that a decrease in ionic strength
results primarily in a reduction of the surface charge variation amplitude and in a shift of the point
of zero charge towards higher pH values. The overall charge on all edge surfaces for cis- and trans-
vacant structures was also calculated (Figure 6.11). The difference in overall charge between cis-

vacant and trans-vacant structures was mainly controlled by the apparent discrepancy between trans-

vacant surface perpendicular to [110] and cis-vacant surfaces perpendicular to [110] and [110]

(Figure 6.10), and thus their profiles are similar to one another.

115
Thesis Pengyuan Gao — 2023
ISTO



Acid—Base Properties of Cis-Vacant Montmorillonite Edge Surfaces: A Combined First-Principles Molecular Dynamics and Surface
Complexation Modeling Approach

Figure 6.10 Comparison of the predicted titration model for No/Mg-sub cis- and trans-vacant structure on edges
perpendicular to [010]/[010] and [110]/[110]. The specific edge surface area was set to 14 m? g and both the
relative abundance of edges perpendicular to [010] and [010] and [110] and [110] were set to 1/1 respectively. The
fractions of Mg substitution were set to 0.125.
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Figure 6.11 Overall charge on all edge surfaces for trans- and cis-vacant structures.

We noticed that the parameter of edge specific surface area in the SCMs was different from the
experimental value. Among surface area measurement techniques, the derivative isotherms
summation (DIS) method tends to overestimate the surface area (Reinholdt et al., 2013), whereas
the atomic force microscopy (AFM) method could provide an accurate estimate of surface area. The
AFM measured edge-specific surface area of 9 m?-g™! for MX80 montmorillonite and no available
AFM results for Swy-2 montmorillonite, but the modeled edge specific surface areas were 12 and
14 m?-g! for MX80 and Swy-2 montmorillonite, respectively, which were greatly different
compared to the measurements.

The structural formulas of MX80 and SWy-2 montmorillonites were reported as
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(Sig)(Al1.57Mgo.2sFe! 09Fe'0.00)Nao 34010(OH)2 and

(Siz.87Al0.13)(Als2Mgo 2sFe'y 224F e 006)Nao 30010(OH)2, respectively. Hence, we pooled complete
acidity constants of cis-vacant model to predict potentiometric titration data. An exercise on the
edge-specific surface areas of the cis-vacant model was used to determine the corresponding specific
surface area values (Figure 6.12). The agreement between experimental and predicted potentiometric

titration curves was acceptable if the specific edge surface areas were set to 9 m?-g™! and the relative

abundance of cis-vacant edges perpendicular to [010], [010], [110], and [110] was set at

0.15/0.15/0.35/0.35 for both MX80 and SWy-2 montmorillonites, which all in agreement with AFM
results. Figure 6.13 included the comparison of predictions based on cis- and trans-vacant model.
The relative abundance of trans-vacant edges perpendicular to [010] and [110] was set at 0.3/0.7 and
the edge-specific surface areas were set to 14 m?-g! and 12 m?-g! for SWy-2 and MX80
montmorillonites, respectively. As we seen, a good agreement was found between experimental and
predicted potentiometric titration data for cis- and trans-vacant model. Furthermore, for Swy-2
montmorillonite, a better agreement was found of cis-vacant model at pH above 6.0. For MX80
montmorillonite, the cis- and trans-vacant model predictions were overlapping. However, what made
more sense was that the modeling parameters based on cis-vacant structure were totally derived from
simulations and experiments without adjustable parameters. Hence, a completely constrained,
parsimony-satisfying SCMs was successfully constructed to reproduce the titration data using acid-

base database of cis-vacant model.
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Figure 6.12 Comparison of model predictions based on cis-vacant structure at different edge specific surface areas
(lines) and potentiometric titration data (symbols) for MX80 montmorillonite (bottom) and SWy-2 montmorillonite

(top)
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Figure 6.13 Comparison of model predictions (lines) and potentiometric titration data (symbols) for MX80
montmorillonite (bottom) and SWy-2 montmorillonite (top) as reported by Tournassat et al. (Tournassat et al. 2016)

The trans-vacant model predicts a negative surface potential at pH above 4 for the two types of
surfaces present in the model, i.e. perpendicular to [010] and [110] (Figure 6.14). Contrastingly, the
cis-vacant model predicts negative surface potential at pH above 4 for surfaces perpendicular to [010]
and [110], but positive surface potential at pH below ~6-7 for surfaces perpendicular to [010] and
[110]. Hence, for pH below 6-7 montmorillonite particles may exhibit edge surface with positive

surface potential on one side and negative surface potential on the other side.
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Figure 6.14 Swy-2 edge surface potentials as a function of surface directions, pH, and ionic strength. Comparison
of our cis-vacant model and the trans-vacant model by Tournassat et al. (Tournassat et al. 2016)

Some anions, including metalloids, sorb weakly, but notably on montmorillonite surfaces.
Arsenate - As(V) - adsorption is pH dependent and exhibits a bell-shaped with an adsorption
maximum at pH 6-7. Our modeling findings makes it possible to give an explanation to this adsorption
behavior. The maximum of adsorption corresponds to the presence of negatively charged aqueous
H>AsO4 and HAsO4*" species concomitantly with the presence of a positive surface potential on some
of montmorillonite edge surfaces. At lower pH, As(V) species are dominated by the neutral species
H3AsO4, which cannot interact electrostatically with the surface, while at higher pH, the electrostatic
interaction between the negative surface potential and the negatively charged As(V) aqueous species
is unfavorable. Similar adsorption behavior may also be explained for other oxyanions such as
aqueous As(III), Se(IV) and Mo(VI).

The highly complex nature of clay mineral surface reactivity requires the application of multiple
techniques to obtain insightful parameters for the building of predictive surface complexation models.
Because of the complexity of the structure and chemistry on edge surfaces of montmorillonite, pKa

values cannot be obtained unequivocally from the fitting of potentiometric titration experiments, and
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information gained at atomistic scale is necessary to build constrained SCM. A key finding in the
present study is related to the necessity to consider contrasted electrostatic properties at
montmorillonite edge surfaces with various crystallographic directions in a single particle which arise
from the non-centrosymmetric nature of montmorillonite cis-vacant layer structure.

Our complete set of acidity constants for 2:1 TOT layers enables predictive modeling of the
interfacial properties for a wide range of clay minerals. Table 6.12 listed the structural formulas of
some trans- or cis-vacant clay minerals, which include various substitutions. The predicted
potentiometric titration and surface charge curves for these minerals are shown in Figure 6.15 The
modeled edge-specific surface area was set as 9 m?-g! and minor Fe** tetrahedral substitutions were
considered to have the same pKa parameters as the AI*" substitutions. All other parameters were
consistent with those used by Gao et al. (Gao et al. 2023) The modeling results indicated that the
extent of the various isomorphic substitutions (tetrahedral vs. octahedral and Fe vs. Mg in octahedral
position) had little influence on the predicted titration curves. Contrastingly, the consideration of cis-

vacant vs. trans-vacant structures led to significant differences in surface charge at pH above pH 8.0.

Table 6.12 Structural formulas of some 2:1 type trans/cis-vacant (#v/cv) clay minerals.

2:1 Clay Samples Structural Formulae Model
Montmorillonite (Swy-1) (Siz.91Alo.00)(Al1.ssMgo.25Fe*0.0sFe? 0.08)Nao.37010(0OH)2 cv
Montmorillonite (Kunipia) (Siz.s25Al0.175) (Al .6aMgo 215Fe**0.155)Nao.265Ca0.045010(OH)2 cv
Beidellite (SBId-1) (Siz.574Al0.426)(Al1s12Mgo.00Fe**0.112)Ko.104Ca0.185010(OH)2 tv
Beidellite (SB1-350) (Siz.60Al0.4)(Al2)Nao.33010(OH)2 cv
Nontronite (NG-1) (Siz.6asFe 0.315A10.04)(Alo.4sMgo.03Fe**1.54Fe?"0.005)Nao.35010(OH)2 tv
Nontronite (NAu-2) (Siz.775Fe* 0.145A10.08)(Alo.17Mgo.025Fe>*1.77)Nao 36010(OH):2 tv
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Figure 6.15 Model predictions of potentiometric titration and surface charge curves for different 2:1 clay minerals.

Obtaining insightful parameters for the building of predictive SCMs for clay minerals requires
the application of multi-scale techniques. To obtain accurate pKa values, complete atomic-level
information based on the real structure of natural montmorillonite is necessary. This study highlights
the importance of considering the local structure of clay minerals to fully understand their reactivity.
Overall, this work achieved a complete study of the acid-base properties of cis-vacant clay edge
surfaces with regard to layer chemistry and structure, which provides fundamental information for

the modeling of contaminant adsorption on natural clay minerals.
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Chapter 7. Multi-Scale Insights into U(VI) Complexation on Cis-Vacant
Montmorillonite Clay Edges: A Combined First-Principles Molecular Dynamics

and Surface Complexation Modeling Approach

7.1 Introduction

Uranium is the most important radionuclide due to its relatively high natural abundance and its
key role in nuclear waste (Burns and Finch, 1999). U(VI) migration raises many concerns in nuclear
technology and environmental chemistry because of the threat to human health and the ecological
environment (Clark et al., 1995; Choppin, 2006). One of the most relevant factors controlling U(VI)
transport in nature is the adsorption to mineral surfaces (Greathouse and Cygan, 2006; Geckeis et al.,
2013). Understanding the interaction between U(VI) and mineral surfaces is important for mastering
its migration behavior.

In the natural or radioactive waste repository environments, 2:1-type clay minerals of a TOT
(Tetrahedral-Octahedral-Tetrahedral) layered structure, play significant roles in the migration and
retardation of U(VI) because of their high adsorption capacity and high abundance (Greathouse and
Cygan, 2006; Tournassat et al., 2018; Liu et al., 2022). The TOT layer exhibits two kinds of surfaces,
i.e., basal and edge surfaces. The interaction of U(VI) on basal surfaces is mainly the long-range,
whereas on edge surfaces is strong chemical bonding with amphoteric groups. Therefore, edge
surfaces are responsible for extensive U(VI) adsorption through surface complexation, which is
determined by the interfacial properties of the edges and the binding affinity for U(VI). Moreover,
the TOT clay layer models are described with either trans- or cis-vacant structures depending on the
vacancy position in the octahedral sheet (Tsipursky and Drits, 1984; Brigatti et al., 2011). Cis-vacant

structures are not centrosymmetric, which indicates that the edges perpendicular to the [010] and

[010], [110] and [110] are different, whereas the trans-vacant structures are the same. In natural

samples, cis-vacant structure is probably the dominant, and thus the evaluation of U(VI) adsorption
on montmorillonites should be rooted in the cis-vacant model. However, previous molecular-level
studies were all based on a centrosymmetric trans-vacant configuration.

The adsorption of U(VI) on natural clay minerals has been investigated through batch

experiments for decades, elucidating the basic laws governing the adsorption (Tsunashima, 1981;
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Bradbury and Baeyens, 2005; Catalano and Brown, 2005). Moreover, the development of appropriate
geochemical sorption models, i.e., surface complexation models (SCMs), to reliably describe and
predict the environmental behavior of radionuclides is essential, which requires a deep understanding
of adsorption mechanisms and actual surface species morphology. U(VI) surface complexation on
clay minerals nowadays has been investigated in great detail with the increasing availability of
spectroscopic techniques, especially EXAFS (extended X-ray absorption fine structure) and TRLFS
(time-resolved laser-induced fluorescence spectroscopy) (Chisholm-Brause et al., 1990; Dent et al.,
1992; Sylwester et al., 2000; Schlegel et al., 2002; Hennig et al., 2002; Tan et al., 2010; Marques
Fernandes et al., 2012). For instance, Chisholm-Brause et al. used TRLFS to identify various types
of uranyl surface species on montmorillonite edge sites, including outer-sphere complex on basal
surfaces, inner-sphere mononuclear and multinuclear uranyl species on edge surfaces (Chisholm-
Brause et al., 1990). Furthermore, EXAFS provides detailed structural information for the relevant
U(VI) surface species. According to the neighbor atoms shell configurations of U, surface bidentate
uranyl (UO2*") complexes were observed to form at edge octahedral aluminol and tetrahedral silanol
sites (Hennig et al., 2002; Schlegel and Descostes, 2009). Several mechanical SCMs were constructed
based on the surface speciation spectroscopy results, which aimed to reproduce the U(VI)-
montmorillonite system adsorption data. More comprehensive and accurate SCMs should be
developed, which rely on specific model parameters such as surface site types, surface reactivity, etc.
However, obtaining relevant knowledge is challenging due to the average nature of the experimental
window.

Theoretical calculations are a powerful research tool based on structures, which provide
information on the atomic scale for constructing constrained SCMs. Periodic density functional
theory (DFT) calculations have been used to characterize uranyl surface species on clay edge surfaces
by optimizing geometries. Mononuclear bidentate uranyl adsorption complexes were revealed on the
trans-vacant model at =AIOHOH and=AlOHSiO on (010) edges, as well as at =AIOHO, (O,
represents apical bridge oxygen), =AIOHSiO, and =SiO0, on (110) edges.(Kremleva et al., 2011,
2015) These results provide an atomic level understanding of the surface site types, but cannot
accurately evaluate the site affinity of uranyl due to the lack of solvation effects and the calculated

binding energy as the potential energy at 0 K. Zhang et al. utilized the first-principles molecular
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dynamics (FPMD) method to investigate the free energies of uranyl adsorbed on various trans-vacant
edge surface sites, revealing that the binding free energies of uranyl are very close (Zhang et al., 2018).
A state-of-the-art constrained SCM based on the simulation results was developed to reproduce the
U(VI) adsorption data. However, all existing atomistic studies of metal ion adsorption on clays were
based on the trans-vacant structure, which potentially leads to an incorrect prediction. Especially,
previous studies pointed out that the different local structures (trans- and cis-vacant) lead to distinct
surface sites and interfacial properties on the edges, which definitely affect the adsorptive properties
(Gao et al., 2023). To the best of our knowledge, metal ion adsorption studies on the edge surfaces of
the cis-vacant model at the atomic scale have not been reported.

In this study, we employed FPMD simulations to systematically investigate the complexation

structures and free energies of uranyl adsorption on 2:1-type cis-vacant clay edge surfaces

perpendicular to [010], [010], [110] and [110]. By combining the surface acidity dataset for cis-vacant

TOT layers, all of the atomic-level information was then implemented into a SCM for
montmorillonite edge surface adsorption. Consequently, a thermodynamic U(VI) adsorption model
with predictive capabilities, grounded in natural structures and possessing genuine physical
significance was developed, which provides an improved tool for the evaluation of contaminants
interaction with natural clay minerals.
7.2 Methodology

7.2.1 Models

The periodic slab models on surfaces perpendicular to [010], [010], [110] and [110] of cis-vacant

montmorillonite were constructed based on our previous work. The surface models include two unit
cells. A solution region of 20 A above the surface was filled with 130 water molecules, which
approximates the density of bulk water at ambient conditions according to previous reports.
Additionally, ten water molecules were inserted into the interlayer to create a monolayer hydrate.
Finally, an orthorhombic box with dimensions of 12.45 A x 10.44 A x 33.56A was utilized.

In the initial surface models, previous studies concluded that the functional groups =Si(OH),

=Al(OH»)2/=Al(OH)(OH>), and =Si(0.H).Al/=Si04(O.H)Al sites on surfaces perpendicular to [010]

and [010] and =Si(0.H)Al, =Si(OH), =A1(OH,), and =A1(OH,), on surfaces perpendicular to [110]
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and [110] are reactive at the common pH value. Hence, the investigated surface sites included =SiO,
=Si(0a)2Al, =Si(0a.)Al, =A1(OH)(OH2)/=A1(OH),, =A1(OH) on cis-vacant edge surfaces. UO2** was
placed at the complexing sites to form multidentate surface complexes, including surface complexes

at =Si0(0,)2Al site on surface perpendicular to [010], at =A1(OH), and =AI(OH)SiO sites on surface

perpendicular to [010], at =A1(OH)O. and =SiOO, sites on surface perpendicular to [110], and at

=A1(OH)SiO site on surface perpendicular to [110] (see snapshots in Figure 7.1).

Figure 7.1 Initial models of uranyl complexation on edge surfaces of cis-vacant TOT clay layer. Color scheme:

U(blue), Si (yellow), Al (pink), O (red), H (white).

7.2.2 First-Principles Molecular Dynamics
The FPMD simulations were performed using the CP2K/Quickstep package, based on
Perdew—Burke—Ernzerh functional and a hybrid Gaussian Plane-Wave scheme (GPW). The

Goedecker-Teter-Hutter (GTH) pseudopotentials were chosen to describe the core electrons. The
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wave functions were expanded in optimized double-( Gaussian basis sets and the plane waves were
expanded with a cutoff energy of 400 Rydberg. Dispersion correction was applied in all calculations
with the Grimme-D3 method.

Born—Oppenheimer molecular dynamics simulations were performed in canonical (NVT)
ensemble employing Nose—Hoover thermostats with a time step of 0.5 fs at a finite temperature of
300 K. The wave function optimization tolerance was 107°. For each system, we performed an
equilibration run of 3 ps and a production run of 10.0 ps.

7.2.3 Free Energy Calculations

Constrained FPMD simulations were conducted to quantitatively assess the stability of each
surface complex and determine the respective desorption free energy. The free energy (AA) profile

was obtained through the integration of average forces (F) along a specified reaction coordinate (x).
X
AA(x) = —f F(x")dx'
X0

For UO»*" surface complexes, the coordination number (CN) of U with O atoms at surface
adsorption sites was chosen as reaction coordinate. At =SiO(0a)2Al site on surface perpendicular to

[010], UO,** desorption process was from tridentate innersphere complex to outersphere complex.

On surfaces perpendicular to [010], [110] and [110], UO2** desorption processes were all from

bidentate inner-sphere complex to outer-sphere complex on =A1(OH),, =AI(OH)Si0, =AI(OH)O, and
=Si00; sites. The CN was defined as

1—(7”/1‘)12
(N = Z 1—(r;/r.)%*

where 7; is the distance between U and O atoms of surface adsorption sites, and r. is the cutoff value.
Here, r. was set to be 3.1 A.

7.2.4 First-Principles Molecular Dynamics

An in-house version of PHREEQC, which takes into account the spillover of electrostatic
potential from basal surfaces, was utilized to construct the U(VI) surface complexation models.
THERMOCHIMIE v.11a thermodynamic database was used in the solute species, which is available

at https://www.thermochimie-tdb.com/. PHREEQC scripts were also attached in the Supplementary

Information.
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7.3 Results and Discussion

7.3.1 Surface complexation structures

The evolutions of U-O, U-Al and U-Si distances over the duration of the simulation were shown
in Figure 7.2, indicating that the uranyl surface complexes on cis-vacant clay edges were retained.
The equilibrium surface complexation structures of uranyl on edge surface sites of cis-vacant model
were illustrated in Figure 7.3. It can be seen that uranyl formed a stable tridentate complex on
=Si10(0a)2Al site on surface perpendicular to [010]. This site can be considered as an analogous
vacancy site to Ni*>* on the surface perpendicular to [010] of trans-vacant model. However, the
vacancy site of the trans-vacant edge consists of two aluminum octahedral lattices, making it more
suitable for metal ions with a small radius. In contrast, the vacancy =SiO(0a)2Al site of the cis-vacant
edge has better equatorial coordination and adaptability for actinyl groups such as uranyl.

Furthermore, uranyl formed bidentate complexes at =Al(OH),, =AI(OH)Si0, =AI(OH)O, and

=Si00, sites on surfaces perpendicular to [010], [110] and [110], which were consistent with uranyl

complexation on tran-vacant model edges.
For tridentate uranyl surface complex on =SiO(0,)2Al site on surface perpendicular to [010],

two equivalent U-O, bonds with an average bond length of 2.42 A and one slightly longer U-Os; bond

of 2.53 A. On surface perpendicular to [010], uranyl formed bidentate surface complexes with two

equivalent U-Oa; bonds of 2.37 A on =AI(OH); site and U-Osi/Oa of 2.24/2.42 A on =A1(OH)SiO
site, respectively, which was identical to uranyl complexes of trans-vacant model on surface
perpendicular to [010]. For the uranyl bidentate surface complexes on surface perpendicular to [110],
the bond lengths of both U-O, and U-Oa, distance on =A1(OH)O, site were 2.42 A. For the complex
on =Si00; site, the bond lengths of U-O, and U-Os; were 2.58 and 2.27 A, respectively. On surface

perpendicular to [110], a uranyl bidentate complex similar to that on surface perpendicular to [010]

was also formed on =A1(OH)SiO site with U-Osi/Oa1 bonds of 2.27/2.49 A. Additional U-Al/Si
distances were also provided for comparison with the vast majority of EXAFS experiments and
previous DFT calculations (Figure 7.3). However, EXAFS has considerable uncertainty in
interpreting the second adjacent atom involved in the surface complex and previous atomic-level

calculations were all based on the trans-vacant model, which led to a broad comparison. For instance,
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U-Al/Si distances exhibited two distinct regions on trans-vacant edges, 3.17 A and 3.47-3.62 A, while

three regions were observed on cis-vacant edges, 3.05-3.14 A, 3.46-3.57 A and 4.06-4.21 A.

Figure 7.2 Time evolution for the various U-O distances of uranyl surface complexes on cis-vacant TOT layer
edges
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Figure 7.3 Equilibrium configurations of uranyl complexation on edge surfaces of cis-vacant TOT clay layer. Color
scheme: U(blue), Si (yellow), Al (pink), O (red), H (white).

7.3.2 Free energies

The details of uranyl desorption processes on cis-vacant clay edges were described in Figure 7.4.
All uranyl surface complexes on the adsorption sites were desorbed from inner-sphere bi/tri-dentate
to outer-sphere complexes, and the derived free energy curves were shown in Figure 7.5.

The desorption free energy profile of tri-dentate uranyl surface complex on =Si0O(0,)2Al site on
surface perpendicular to [010] was illustrated in Figure 7.5a. The free energy value was 36.4
kcal/mol, indicating that the tri-dentate complex structure had higher stability than the bidentate
uranyl complex on the trans-vacant edges (~20 kcal/mol). In addition, the changes in free energy
gradually increased from CN=3 to CN=1, while it changes dramatically from the monodentate

structure on =SiO0 site to the outer-sphere complex, indicating weaker binding of U atom with apical
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bridge oxygen (O.). Meanwhile, each apical O site exhibited a free energy of ~8 kcal/mol on
=Si0(0a)2Al site which is higher than that of the apical O site on the =AI(OH)O. and =SiOO0,

sites on surface perpendicular to [110] of trans-vacant model (around 2 kcal/mol). The observation

reflected the additional stability provided by the vacancy sites. On surface perpendicular to [010],

the desorption processes of uranyl from =Al(OH), and =A1(OH)SiO sites were similar to that on the
surface perpendicular to [010] of trans-vacant model (see Figures 7.5b-7.5¢ and 7.4). All of the
monodentate complexes brought a local stable in the curve. Meanwhile, the free energies from
=Al(OH); and =AI(OH)SiO sites were 25.0 and 25.9 kcal/mol respectively, which was slightly

higher than the same types of sites on trans-vacant edges (21.5 and 21.1 kcal/mol respectively).

Figure 7.4 Structural transformation in the free energy calculations for the uranyl surface complexes on cis-vacant

TOT layer edges.

132
Thesis Pengyuan Gao — 2023
ISTO



Multi-Scale Insights into U(VI) Complexation on Cis-Vacant Montmorillonite Clay Edges: A Combined First-Principles Molecular
Dynamics and Surface Complexation Modeling Approach

Figure 7.5 Desorption free-energy profile of UO,*" complexing on edge surface sites at (a) =SiO(0,).Al site on
surface perpendicular to [010], (b) =A1(OH), and (c)=Al(OH)SiO sites on surface perpendicular to [010], (d)
=Al(OH)O,. and (e) =SiO0, sites on surface perpendicular to [110], and (f) =AI(OH)SiO site on surface
perpendicular to [110] of cis-vacant TOT clay layer. The statistical error in deisorption free energy was estimated
by integrating the statistical errors in the mean forces, that were estimated as the semi-difference between the

average forces using only the first half or the second half of the trajectory.

Similar to surface perpendicular to [110] of trans-vacant model, uranyl also formed bidentate
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surface complexes at=Al(OH)O, and =Si0O0; sites on surface perpendicular to [110] of cis-vacant
model, which had desorption free energies of 25.7 and 26.6 kcal/mol (Figures 7.5d and 7.5e). The
free energies were higher than the trans-vacant model on surface perpendicular to [110] (20.0

kcal/mol for =AI(OH)O. and 19.8 kcal/mol for =SiOQO, sites), whereas similar to those from

=A1(OH), and =AI(OH)SiO sites on the surface perpendicular to [010] (25.0 and 25.9 kcal/mol).

The desorption processes on apical bridge oxygen (O,) still exhibited weak binding strength with
slow energy increase from CN=2 to CN=1, which was consistent with surface perpendicular to [110]
of trans-vacant model on =A1(OH)O, and =SiOQ; sites, as well as surface perpendicular to [010] of

cis-vacant model on =SiO(0,).Al site. Figure 3f showed the desorption free energy curve for the

uranyl at =AI(OH)SiO site on surface perpendicular to [110] of cis-vacant model. The free energy

value of 26.5 kcal/mol was comparable to that of previous bidentate surface complexes on cis-vacant
model edges.

All desorption free energy values of uranyl on cis- and trans-vacant edge surface sites were
collected in Table 7.1. As we see, the free energies on all of the investigated sites in trans-vacant
model were very close, which means the similar thermodynamic stability. For cis-vacant model, all
bidentate surface complexes were also similar, but with higher values compared to the sites on tran-
vacant model, which means that cis-vacant edge sites had higher thermodynamic stability for uranyl.
The results indicated that the bidentate surface sites on specific clay models may be responsible to
the single site as previous SCM studies proposed. In addition, tridentate uranyl surface complex on
surface perpendicular to [010] of cis-vacant model had the highest value, which may correspond to

a strong site with a low capacity and a high adsorption affinity in some SCMs.

Table 7.1 Desorption free energy values of uranyl from cis- and trans-vacant clay edge surface. sites

Cis-vacant Trans-vacant
Surface
Sites AA (kcal/mol) Sites AA (kcal/mol)
[010] =Si0(0a)2Al 364+3.7 =AI(OH)2 21.5+1.7
— — =AIOHSIO 21.1+£24
[010] =AI(OH), 25.0+2.4 — —
=AIOHSIO 259+1.6 — —
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[110] =A1(OH)O, 257+15  =Al(OH)O. 200+ 1.5
=Si00, 266+19  =Si00. 19.8+1.3
[110] =AIOHSiO 26.5+1.7 — —

2The uranyl desorption free energy values on trans-vacant model were taken from Zhang et al.

7.3.3 Constrained SCMs of U(VI) on cis-vacant montmorillonite

A state-of-the-art SCM was recently built for U(VI) adsorption on montmorillonite, which was
constrained by FPMD simulations based on the trans-vacant model (Zhang et al., 2018). In that
model, the shape of adsorption K¢-pH curves was determined by the acid-base properties of clay
edge sites and uranyl complexes, while the uranyl adsorption affinity on edge sites dictated the
amount of adsorbed U(VI). The acid-base properties were estimated by the FPMD simulations. The
complete acidity constants database for cis-vacant TOT layers at atomic scale has recently been
established. Hence, the shape of U(VI) adsorption curves on each edge site of cis-vacant model can
be determined. As a first step to build the U(VI) adsorption SCMs, the uranyl affinity constants on
the specific sites were liberally adjusted to fit the adsorption curves (empirical model from

Tournassat et al.) (Figure 7.6) (Tournassat et al., 2018). As we see, all of the adsorption sites on

surfaces perpendicular to [010], [010] and [110] could be used to fit the adsorption curve above pH

5.0, while the adsorption sites on surface perpendicular to [110] were applicable below pH 5.0. In
other words, the fitting of U(VI) adsorption curve had multiple ways without more constraints.
Therefore, we needed to make further constraints of physicochemical significance. However, it
should be noted that the binding free energy values obtained from FPMD calculations cannot be
directly applied to determine surface complexation reaction constants, because the corresponding
equilibrium constants were dependent on the electrostatic model, which was specific and parametric,
but was not necessarily of strict thermodynamic significance. Nevertheless, the free energy values
can also reveal fundamental patterns in U(VI) binding strength, which enabled the identification of
surface complexation reactions that correspond to newly imposed constraints.

From free energy perspectives, for trans-vacant model, Zhang et al. proposed that all edge
surface sites had similar affinities for uranyl, and thus an SCM was constructed with identical affinity

constants log K[UO,?"] at 7.3 for all edge sites, except for =A1(OH)O, site on surfaces perpendicular
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to [110] decreased by 2.2 log units.(Zhang et al. 2018) For cis-vacant model, all bidentate surface
complexes at edge sites had similar free energies, which are slightly higher than those on tran-vacant
model. In addition, a tridentate surface complex exhibited the highest free energy value. Accordingly,
the adsorption extents of U(VI) on each of the six sites on cis-vacant edges were evaluated

independently with a higher log K[UO»?'] of 8.7 at =Al(OH), and =A1(OH)SiO sites on surface

perpendicular to [010], =Al(OH)O, and =Si00, on surface perpendicular to [110] and =A1(OH)SiO

on surface perpendicular to [110], while the log K[UO,*'] at =SiO(0.)2Al site on surface

perpendicular to [010] was 9.2 (Figure 7.7a). Similar with =AI(OH)O, site on surface perpendicular
to [110] of trans-vacant model, it was not possible to reproduce the U(VI) adsorption curve at
=Al(OH)O, and =SiOO0, sites on cis-vacant model. A 2.6 log unit decrease in log K[UO»*'] at

=Al(OH)O, and =Si0O0;, sites was conducted, which could be explained by the effect of pK errors.

Figure 7.6 Comparison of U(VI) adsorption modeling results on independent edge sites without affinity
constants constrained and the empirical model from Tournassat et al. (circles). All the surface model parameters
were identical to Gao et al. (Gao et al. 2023) and calculation procedures were identical to Zhang et al. (Zhang et
al. 2018)
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Figure 7.7 (a) Comparison of U(VI) adsorption modeling results on independent edge sites with affinity constants
constrained and the empirical model from Tournassat et al. (circles). (b) U(VI) SCMs based on the cis-vacant edge
acidity constants and binding free energy assessment at edge sites. All the surface model parameters were identical

to Gao et al. and calculation procedures were identical to Zhang et al. (Zhang et al. 2018)

With these modeling conditions, a new SCM was developed to reproduce the U adsorption curve
(Figure 7.7b, black dotted line). Similar to the SCMs in the trans-vacant model, the cis-vacant model

data above pH 8.5 underestimated U adsorption, which could be ascribed to the formation of
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multinuclear uranyl surface complexes as demonstrated in previous studies. Consequently, the U(VI)
adsorption curve was adequately reproduced by further introducing surface binuclear uranyl
reactions (Figure 7.7b, black line). Compared to the U(VI) SCMs on trans-vacant model (Figure 5
in Zhang et al. 2018), U(VI) SCMs on cis-vacant model achieved a better fit below pH 5.0. For a
comprehensive understanding, the individual contributions of each edge were also shown in Figure
7.7b. As we observed, below pH 6.5, the U(VI) adsorption data was mainly contributed by surfaces
perpendicular to [010] and [110], while above pH 6.5, all edges played a role and surfaces

perpendicular to [010] and [110] were predominants. According to edge surface properties of cis-

vacant model, at pH below 7, edge surfaces were positively charged on surfaces perpendicular to

[010] and [110] and negatively charged on surfaces perpendicular to [010] and [110], which provides

an explanation for the U(VI) adsorption behavior.

Clay minerals are widely distributed and highly reactive in the critical zone. A comprehensive
understanding of the structure-property relationships ofclay interfaces can help researchers and
environmental engineers in developing effective strategies for managing environmental
contamination behavior. The atomic-level acid-base reactivities of the two types of clay edges (i.e.
trans- and cis-vacant) have been extensively investigated in previous studies, which is crucial for
comprehending the complexation of pollutants. Additionally, the desorption free energies of U(VI)
quantitatively assess the affinities on each edge site. Furthermore, the state-of-the-art SCMs,
developed on the basis of all-encompassing atomic-level knowledge, provide a wealth of
information on the interactions between uranyl and clay minerals, particularly regarding the
physicochemical significance of the predictive model.

At the most fundamental level, our study contributed to the methodology and basis for
investigating the fate of various pollutants in clay-rich environments. In particular, the connection
between atomic-level and macroscopic information at the clay interface can help predict the
environmental behavior of pollutants under different scenarios. For instance, compared to the U(VI)
SCMs based on trans-vacant model, our U(VI) SCMs based on cis-vacant model further emphasized
the necessity for predicting the environmental behavior of natural clays should be grounded in
realistic models. The results also revealed specific crystallographic orientation properties governing

the adsorption of U(VI) on cis-vacant clay, which offers valuable insights for future modeling studies
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involving other contaminants such as anionic or metalloid substances.
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Chapter 8. Conclusions and Perspectives

8.1 Conclusions

In the natural environment or deep geological repository of high-level radioactive waste,
understanding the physical and chemical properties of key radionuclides and related minerals and
their interactions, and thus quantification of the reaction processes of radionuclides ions at mineral-
water interfaces can enable us to fundamentally predict the fate of radionuclides ions in the
environment. In recent decades, a large number of experimental and simulation studies have been
used to reveal the relevant reaction mechanism, but only the basic mode and characteristics of the
adsorption reaction have been obtained, and there are still many problems to be solved. The main
research issues focus on the lack of microscopic reaction mechanisms, that is, the structural
information and physicochemical behavior at the molecular level of the adsorption, diffusion,
migration and desorption processes at the solid/liquid interface. This information can be used to
improve data modeling or to identify actinides in many different environments, yet not accessible
through wet chemistry experiments and spectroscopic analysis.

This thesis systematically investigates the aqueous solution chemistry of the key radionuclide
U(VI]) using first-principles calculations, the interactions of key mineral surfaces with U(VI),
revealing the reaction mechanisms of monodentate/bidentate inner-sphere complexation structures,
outer-sphere complexation structures, mono/multinuclear complexation structures, surface
polymerization and precipitation of U(VI) at atomic scale, and the effect of localized structure on the
surface at the edges of clay minerals on acid-base and coordination reactivities. The results can be
incorporated into predictive surface coordination models to constrain them, leading to advanced
constrained SCMs. The main findings and conclusions of the thesis are summarized as follows:

1. Mechanism of uranyl adsorption on the orthoclase (001) surface

Uranyl can form outer surface complexes, monodentate and bidentate inner surface complexes
on hydroxylated orthoclase (001) surface. The strong interaction between uranyl and the surface
weakens as the adsorption site is protonated, indicating that the adsorption of uranyl increases with
increasing pH until deprotonation is complete. At sites with the same degree of protonation, inner-
sphere surface complexes were preferred to form. During the adsorption process, the hydrogen bond
not only strengthens the adsorption strength but also affects the surface adsorption structure.
Electronic structure analysis indicated that the electron density during the adsorption process was
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mainly transferred from U to Os. Furthermore, the U f-O p and U d-O p hybridization is the main
contribution of the strong covalent interaction of U(VI) with surface oxygen atoms. By comparing
the adsorption properties of uranyl on the surface of silica and orthoclase, it is found that the
adsorption of uranyl molecules by the two minerals has a high similarity. Therefore, when we model
the adsorption of uranyl on the multi-component mineral granite with orthoclase and silica as the
main components, we can use =SOH> as a generalized site to homogenize the multi-component
mineral surface adsorption sites. The results provide micro-level support for the feasibility of the
generalized modeling method.
2. Structures of Multinuclear U(VI) Species on Hydroxylated a-SiO2 (001) Surface: Density
Functional Theory Study

Three kinds of multinuclear U(VI) adsorbates, namely (UO2)2(OH)**, (UO2)2(OH),>" and
(UO»2)3(0)(OH)3*, formed multidentate inner-sphere surface complexes on a-SiO»(001) surface.
(UO2)2(OH)** favored a side-on binding mode in which two uranyl of the dinuclear U(VI) species
interact with two deprotonated surface sites, while (UO2)2(OH)2** and (UO,)2(OH),*" tend to end-on
structures in which only one uranyl coordinates with the surface site via a bidentate mode. The
bidentate surface structure on =SiO(H)O(H) or =SiO(H)SiO(H) sites has shorter U-Os bonds, higher
binding energy and longer U-Si distance than the surface complexes of =SiO(H)SiO(H). Both
electrostatic interactions and chemical bonds (partially covalent) are responsible for the complexation
of multinuclear U(VI) species. Os-p orbitals are strongly hybridized with U-f and U-d orbitals, and a
transfer of electron density from U to Os occurs simultaneously. The binding energy order of the same
site is (UO2)2(OH)** > (UO2)2(OH)?* > (UO,)3(0)(OH)s", and The binding energy of the same
multinuclear adsorbate at the same site of increases with the degree of deprotonation. The hydrogen
bonds between the surface hydroxyl groups and the coordination water as well as the acyl oxygen of
the uranyl molecule contribute slightly to the overall binding energy of the surface complexes. In
addition, the end-on surface complexes of (UO2)2(OH)»*>* and (UO,)2(OH),?" also benefit from the
U-f electron delocalization of the far side U atom. This study not only improves our understanding of
U(VI) adsorption on silica, but also provides new insights into the structure of multinuclear U(VI)
surface complexes.
3. Aggregation and Precipitation Mechanism of Multinuclear U(VI) Species in Aqueous Solution

and Surface
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The presence of multinuclear uranyl species has been found in both the aqueous solution and the
surface. Through the free energy dissociation curve of the polymerization reaction of multinuclear
uranyl on the surface and in aqueous, it is found that multinuclear uranyl is more likely to form in
aqueous solution. Therefore, the multinuclear uranyl can be formed in aqueous solution and be
considered as surface-adsorbed species, which provides a mechanistic confirmation at the
microscopic level for widely using aqueous multinuclear species as surface coordination species in
SCMs. Based on Hess law, the stability constants of (UO2)(OH)*" and (UO2),(OH)»>* were
calculated and obtained by constructing multinuclear uranyl polymer reaction, and the results were
consistent with the experimental results. However, for a reaction involving a large number of
elementary reaction steps, that is, (UO2)3(O)(OH);", a large error will occur. Uranyl oxyhydroxides
can be constructed from mononuclear and multinuclear uranyl as elementary species, and we
examined two possible reaction pathways. The first way is to build with (UO.),(OH)** and
(UO,)2(OH)»**; the second way is to build with UO?" and (UO,)2(OH),>*. The free energy calculation
results show that the composition paths of trinuclear uranyl and mononuclear uranyl are
thermodynamically more feasible. Therefore, we obtained the reaction mechanism of the early
surface precipitation of uranyl from the microscopic level.

4. Acid-base reaction properties of cis-vacant montmorillonite edge surfaces

The high complexity of clay mineral surface reactivity requires the application of multiple
techniques to obtain insightful parameters for predictive surface coordination models. We calculated
the pKa values of each silanol and aluminol group site on the edge surface of the non-centrosymmetric
cis-vacant model that most montmorillonites have in nature and pointed out that the surface structural
hydroxyl groups have extremely high pKa values with nonreactivity. Clay minerals have an important
intrinsic property of negative layer charge density, which is caused by the isomorphic substitution of
metal ions in tetrahedrons or octahedrons. In dioctahedral clay minerals, the most common
substitutions are Si(IV) in tetrahedral sheets replaced by AI(II), Al(III) in octahedral sheets replaced
by Mg(Il), Fe(IT) or Fe(Ill) substitution. We investigated the intrinsic acidity constants of Mg(Il),
Fe(Il)/Fe(Ill), AI(IIT) substitutions at cis-vacant montmorillonite edge surface sites. Fe(Il)
substitution resulted in a significant increase in the pKa value of the local site, whereas Fe(IIl)
substitution resulted in a decrease. In addition, Fe(II) substitution simultaneously increases the pKa

values of adjacent silanol sites, but the effect of Fe(III) is weak. Mg(II) substitutions lead to increased
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pKa values at local or adjacent sites, while =AI(OH) sites in tetrahedrons have high pKa, and AI(III)
substitutions in tetrahedral sheets lead to (010) and (110 ) significantly increased the pKa values of
bridging oxygen sites on the surface. All available pKa values for cis-vacant smectites were
generalized to state-of-the-art SCMs and successfully reproduced the best available experimental
acid-base titration data without any other adjustable parameters. The cis-vacant montmorillonite edge
surface charge has little dependence on lattice substitution but a strong dependence on
crystallographic orientation. Especially at pH values below 7, the edge surfaces are positively or
negatively charged depending on their orientation. These results provide a basis for simulating the
adsorption properties of metal ions in natural clay minerals.
5. Mechanism of U(VI) adsorption on the edge surface of cis-vacant montmorillonite

Uranyl coordinated with a bidentate inner-sphere complexation structure on the edge surface of

trans-vacant clay minerals. In contrast, the complexation structure of uranyl on cis-vacant (010),

(010), (110) and (110) edge surface were investigated. The adsorption sites include =Al(0),SiO,

=Al(OH)2, =AI(OH)Si0, =Al(OH)O, and =Si00,, etc. Uranyl forms a stable tridentate coordination
structure at the =Al1(0),SiO site, and forms a bidentate coordination structure on other sites. The
desorption free energies of all the bidentate coordination structures are very similar, which indicates
that each site has similar thermodynamic stability and can exist stably, suggesting that a general site
could be used to build the macroscopic SCMs. In addition, uranyl has a higher desorption free energy
at the =A1(0)2Si0 site, which just corresponds to a strong site in the SCM, that is, a site with high
binding strength but low site capacity. According to the cis-vacant surface acidity constant and the
constraints of the above-mentioned U(VI) adsorption sites, we constructed a U(VI) adsorption model
based on the microstructure.
8.2 Perspectives

The research in this thesis reveals the physical and chemical properties of U(VI) and key
minerals and the interaction between them. The results and findings help to understand the physical
and chemical behavior of U(VI) and mineral interfaces at the atomic level, and provide a basis for
future research. The research has laid the foundation, but also provides some enlightenment and new
ideas.

(1) Anionic ligands play an important role in the interaction between radionuclide ions and
mineral surfaces, such as inorganic acid ions, OH/CO3*/NOs/PO4*, and other organic acids. At
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present, the adsorption experiments and spectroscopy experiments of the mineral-radionuclide-anion
ternary system have been studied, but the characterization of the interaction mechanism, geometric
structure and anion's influence on the interaction strength is very lacking. The main reason is that the
coordination mode and stability of anions bring great diversity to the system. Theoretical calculations
can be used for anion systems to understand the impact of anions on the interfacial chemical behavior
of radionuclide ions.

(2) Lanthanides and actinides are the main disposal objects in high-level radioactive waste
repositories, most of which are highly toxic and radioactive, and are sensitive to redox reactions,
involving oxidation states ranging from +3 to +6. At the same time, the adsorption process has an
inductive effect on these redox-sensitive nuclides, and different redox environments affect the valence
and speciation of nuclides, thereby affecting the adsorption process. Therefore, taking into account
the limitations of the experimental conditions, the theoretical calculation can further introduce the
electron transfer process to explore the influence of redox on the system, evaluate the interfacial
chemical process of radionuclide ions on the mineral surface, and build a reasonable forecasting
model for the geological repository of high-level radioactive waste.

(3) The decay heat of radioactive increases the temperature in deep geological repositories for
high-level radioactive waste up to 150°C. A quantitative understanding of radionuclide adsorption at
elevated temperatures is a prerequisite for predicting the fate of radionuclide ions in these
environments. So far, atomic-level information on the aqueous chemistry of radionuclides at high
temperatures and the coordination of mineral surfaces is still lacking. For example, complexation
sites, complexation structures, and related thermodynamics information. Through the theoretical
calculation, it is helpful to understand the migration and fixation of nuclides in the high-temperature

geological environment of the high-level radioactive waste repository.
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Pengyuan GAO

Etudes théoriques de l'interaction entre I'U(VI) et les surfaces minérales

L'étude des processus d'adsorption des radionucléides sur les surfaces minérales est fondamentale pour la
conception et I'évaluation de la slreté des futurs systémes de stockage des déchets radioactifs, ainsi que pour
les diagnostics environnementaux des milieux pollués par des radionucléides. Parmi ces radionucléides,
I'uranium a une abondance relativement élevée dans les systémes naturels et a un role central dans le cycle du
combustible nucléaire. L'uranium peut se trouver sous plusieurs états d’oxydation. L'U(VI) est I'état d'oxydation
le plus pertinent dans la plupart des eaux de surface et des eaux souterraines oxygénées. L'adsorption de I'U(VI)
sur les surfaces de divers minéraux a été largement étudiée par des expériences en batch complémenté
par des techniques spectroscopiques. Des sites de complexation possibles et des espéces de surface ont été
proposés, mais il est encore difficile d'obtenir des informations précises sur les mécanismes moléculaires
responsables des processus d’adsorption. Ces informations sont essentielles pour comprendre les mécanismes
physico-chimiques impliqués dans les expériences et pour développer des modéles prédictifs pour les
environnements concernés. Les calculs théoriques a I'’échelle moléculaire se sont avérés étre un outil efficace
pour étudier les processus d’adsorption des radionucléides a l'interface minéral-eau. Dans cette these, les
caractéristiques structurales et les mécanismes d'adsorption des espéces d'U(VI) sur les surfaces des
principaux minéraux constitutifs du granite (orthoclase et quartz) et des matériaux tampons/remblais
(montmorillonite) des futurs systéemes de stockage en couche géologique profonde ont été obtenus a l'aide
de calculs de dynamique moléculaire ab initio. Les mécanismes de polymérisation des espéeces d'U(VI) en
solution aqueuse et sur les surfaces minérales ont été étudiés. En outre, l'influence de la variabilité des sites
d’adsorption des minéraux argileux de type montmorillonite sur les réaction d'adsorption a également été étudiée
de maniére systématique.

Mots-clés : U(VI) ; Orthoclase ; Silice ; Montmorillonite ; FPMD ; Structure des complexes de
surface ; Structures électroniques ; Energie libre ; Constante d'acidité ; Modélisation de la
complexation de surface.

Theoretical Studies of the Interaction between U(VI) and Mineral Surfaces

Studies of the adsorption characteristics of key radionuclides in the host rock and buffer/backfill
materials of deep geological repositories for high-level waste (HLW) are fundamental to the design
and safety assessment. Uranium is a radionuclide of widespread interest due to its relatively high
abundance in nature and its central role in the nuclear fuel cycle, while U(VI) is the most relevant
oxidation state in most surface waters and oxygenated groundwater. The adsorption of U(VI) on the
surfaces of various minerals has been extensively investigated by conventional batch experiments
and spectroscopic techniques. Possible complexation sites and surface species have been proposed,
but it is still challenging to able to obtain mechanistically precise insights at the microscopic level.
Information at the molecular level is essential to understand the physicochemical mechanisms
involved in the experiments and to develop predictive models for the relevant environments.
Theoretical computations have been proven to be an effective tool for studying the chemical processes
of radionuclides at the mineral-water interface. In this thesis, the structural characteristics and
adsorption mechanisms of U(VI) species on the surfaces of the main component minerals of granite
(orthoclase and quartz) and buffer/backfill materials (montmorillonite) of the deep geological repository
were calculated by first-principles calculations. The polymerization mechanisms of U(VI) species in
aqueous solution and on mineral surfaces were investigated. In addition, the effect of local structural
changes of montmorillonite on the nature of the adsorption reaction on the surface was also
systematically investigated.

Keywords: U(VI); Orthoclase; Silica; Montmorillonite; First-principles simulation; Surface complexation
structure; Electronic structures; Free energy; Acidity constant; Surface complexation modeling.
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