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Abstract

Nanoparticle (NP) aggregation plays a crucial role in NP synthesis, which is increasingly relevant due to the
favourable surface-to-volume properties of NPs. In molten salt reactors (MSRs), insoluble solid fission products
(SFPs) form metallic nanoparticles that can aggregate and deposit on internal reactor components, reducing heat-
transfer performance and complicating maintenance. Although the classical DLVO theory describes the aggrega-
tion kinetics, its predictive use is limited by the large number of system-specific parameters involved. Moreover,
literature indicates that aggregation behaviour is typically examined qualitatively and on a case-by-case basis,
lacking a general theory to relate different systems.

This thesis presents the development of a novel general non-dimensional framework that is based on DLVO theory.
The framework reduces the DLVO potential parameters to two key coefficients, representing the relative strength
and relative interaction of the electric double layer (EDL). Their combination uniquely defines the shape of the
potential and enables classification of aggregation regimes: rapid aggregation, barrier-limited aggregation, or
stable dispersion. The framework is applied to both sphere—sphere and sphere—plate geometries to capture bulk
aggregation and sedimentation.

The framework is implemented and used in coarse grained (CG) molecular dynamics (MD) simulations to estab-
lish a first quantitative relation between the two key coefficients and aggregation kinetics. NPs are represented
as spherical particles interacting through the dimensionless DLVO potential and the molten salt medium mod-
elled using neutral beads interacting through a Lennard-Jones (LJ) potential. A parameter sweep across the
non-dimensional coefficients quantifies the aggregation time and final cluster size with statistical certainty. The
results demonstrate that the dimensionless coefficients are able to predict the aggregation behaviour. For MSR
conditions, the coefficients place the system deep into the primary-minimum aggregation regime, indicating that
metallic NPs will aggregate regardless of surface charge.

The developed framework allows for a first prediction on aggregation behaviour. Future research should focus on
refining the CG simulation model, extending it to three dimensions and validating the results with experimental
measurements. Additional insight is acquired by exploring concentration-dependent aggregation and extending
the sphere-sphere framework beyond the near-field approximation.
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Introduction

The Dutch electricity grid is currently under significant strain, with over 14 000 companies waiting for a new or
upgraded connection due to network congestion and limited capacity [27]. At the same time, peak-hour loads are
increasing sharply as solar and wind power generation fluctuate and industries adopt energy-intensive technolo-
gies such as artificial intelligence and large-scale data centres [60]. In this context, nuclear reactors could provide
a solution: they supply continuous, high-capacity energy and can deliver process heat for industry and hydrogen
production. The benefits will stabilise the grid, meet increasing demand, and enable decarbonisation of sectors
that cannot rely solely on renewables. These hard to electrify sectors include heavy industry and long-distance
transport, because they have high energy demands and rely on fuels with high energy densities. Advanced nu-
clear reactors can also deliver high-temperature process heat and enable efficient hydrogen production, helping
to decarbonize industrial processes [52, 32].

Molten salt reactors (MSRs) are one of the nuclear reactor types that are to be considered and growing in popularity
[28]. MSRs offer additional advantages over conventional nuclear designs. They operate at lower pressures and
higher temperatures, improving thermodynamic efficiency. They also support flexible fuel cycles while reducing
long-lived waste and enhancing resource utilisation [1]. International assessments indicate that advanced fuel cy-
cles compatible with MSR technology can substantially reduce the volume and long-lived radiotoxicity of nuclear
waste by keeping radioactive waste in circulation for further fission [33]. Furthermore, their liquid-fuel config-
uration maintains strong negative temperature coefficients for inherent safety [79]. Lastly, high-temperature
operation allows direct coupling to industrial heat applications, enabling efficient manufacturing and hydrogen-
production processes that traditional reactors struggle to support [35].

However, molten salt reactors also face several challenges. The materials used in the primary loop must withstand
corrosive salt chemistry, elevated temperatures and radiation over extended periods of time. Additionally, the
liquid state of the fuel introduces complexity in the behaviour of fission products [87]. Soluble fission products
remain dissolved in the molten salt, altering the chemical composition and the redox potential of the fuel. Lastly,
insoluble fission products remain suspended in the salt and eventually deposit on internal components such as
pumps, heat exchangers or piping surfaces, which reduces heat transfer performance and can lead to localised hot
spots [69, 14]. Understanding the transport, aggregation and removal of these species is therefore essential for the
safe and reliable operation of molten salt reactors. To address these challenges, the Reactor Institute Delft of TU
Delft participates in the European research programmes funded under EURATOM: the ENDURANCE project.

The ENDURANCE project (EU Knowledge Hub for enabling Molten Salt Reactor safety development and de-
ployment) focuses on improving the technological readiness of molten salt reactor systems [9]. Its goal is to iden-
tify and develop critical technology elements required for safe industrial deployment. The project connects reactor
designers, industry, research institutes and regulatory bodies, and provides a coordinated European roadmap for
molten salt reactor development. TU Delft, through the Reactor Institute Delft, contributes experimental capabil-
ity and modelling expertise.

The objective of this work is to support the ENDURANCE programme by developing a framework for predicting
aggregation behaviour in systems where DLVO-theory could be applied. The interaction potential is expressed
in a dimensionless form to identify dominant physical effects independently of specific material properties. Ana-



lytical stability maps are constructed to classify regions of rapid aggregation, barrier limited aggregation, stable
dispersion, and intermediate semi-stable regimes. Complementary, this framework is applied in coarse-grained
molecular dynamics simulations of MSRs. The results are used to investigate how these dimensionless param-
eters translate into aggregation kinetics, including cluster growth rates and final aggregate size. Together, the
theoretical and numerical components establish a predictive methodology for assessing aggregation kinetics of
colloidal systems.

Thesis Outline

Outline of this thesis is as follows: Chapter 2 contains the project background, scope definition and research
objectives. The thesis is then divided into two main parts. The first part focuses on the theoretical development
of a generalized, non-dimensional framework derived from DLVO theory and encompasses Chapters 3 to 5. The
second part applies this framework to coarse-grained simulations of noble metals in a molten salt, covered in
Chapters 6 to 8.

In Part I, Chapter 3 introduces the theoretical background of the electric double layer and the individual interaction
potentials that constitute DLVO theory, complemented. Chapter 4 presents the non-dimensionalisation of the total
interaction potential, in which the physical parameters are reduced to two governing dimensionless quantities.
Chapter 5 visualizes the outcomes of this analysis, that define the different aggregation regimes as a function of
these dimensionless parameters.

In Part II, Chapter 6 begins with introducing the principles of molecular dynamics and highlighting the key dif-
ferences between atomistic and coarse-grained simulations. Chapter 7 describes the methods used to perform the
coarse-grained simulations, including system setup, parameter selection, and data processing. Finally, Chapter 8
presents and analyses the simulation results, focusing on the relationship between the non-dimensional parameters
and the observed aggregation rates.

Chapter 9 discusses the implications of these findings and addresses future recommendations of the current model.
Finally, Chapter 10 summarizes the main conclusions.
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Project Background

This chapter introduces the background required for the remainder of this research. It first provides a brief
overview of colloidal systems, after which the relevance of Molten Salt Reactors (MSRs) is discussed. An intro-
duction to colloidal systems is given in Section 2.1. Subsequently, Section 2.2 introduces the context for MSRs.
Section 2.3 refines the scope and specifies the boundaries relevant to this study. Section 2.4 presents a review on
present literature on the subjects: insoluble fission products, nanoparticle aggregation and coarse-grained molec-
ular simulations of ionic liquids. Finally, Section 2.5 presents the motivation and research objectives of this
thesis.

2.1. Colloidal Systems

Colloidal systems consist of dispersed particles with sizes typically ranging from 1 to 1000 nm, suspended in a
medium. A key characteristic of colloids is the Tyndall effect [40]. The Tyndall effect refers to the scattering of
light by particles, which makes a light beam visible when it passes through the dispersed system. True solutions
do not show this effect, because ions or molecular solutes are too small to scatter light.

Colloids are commonly classified based on the phase of the dispersed particles relative to the phase of the medium.
The most frequently encountered types include sols (solid in liquid), emulsions (liquid in liquid), foams (gas in
liquid), and aerosols (solid in gas). Representative examples of each type are listed in Table 2.1.

Table 2.1: Types of colloidal dispersions [55].

Type name Dispersed phase Dispersion medium Examples

Solid sol Solid Solid Ruby glass, alloys

Sol Solid Liquid Paint, ink

Smoke Solid Gas Dust

Solid emulsion (gel) Liquid Solid Butter, cheese

Emulsion Liquid Liquid Milk, hair cream

Aerosol Liquid Gas Fog, mist, clouds

Solid foam Gas Solid Froth cork, pumice stone, foam rubber
Foam Gas Liquid Whipped cream, shaving cream, soda-water

This research focuses on sols, where solid particles are dispersed in a liquid medium. These solid particles are
also referred to as NanoParticles (NPs). A key feature of sols is the electrostatic interaction between NPs. They
typically carry either a positive or negative surface charge. This charge originates from the adsorption of ions
or from the presence of free electrons at the particle surface [55]. The resulting electrostatic repulsion between
particles of equal charge helps to prevent aggregation and sedimentation. In addition, charged particles are sur-
rounded by a layer of counter-ions that forms the Electric Double Layer (EDL)[55]. The interplay between
attractive forces and electrostatic repulsion determines whether particles aggregate or remain dispersed. The clas-
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Figure 2.1: Schematic representation of a molten salt reactor (MSR). The fuel salt circulates through the reactor core where fission heat is
generated, after which thermal energy is transferred to a secondary coolant salt loop through a heat exchanger. The secondary loop drives a
power conversion system or supplies heat to external industrial processes [18].

sical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory describes these interactions and predicts the stability
of colloidal systems. A more detailed theoretical background is provided in Chapter 3.

Recent years have shown an increase in research on metal NPs, which is driven by their wide applicability in
industrial sectors [3]. In particular, metallic NPs are frequently used as catalysts in chemical processes, such
as the reverse water—gas shift reaction [38]. Beyond catalysis, NPs are applied across multiple fields including
biology, medicine, and pharmaceutical sciences. Their applicability has resulted in a significant need for better
production of such NPs [77].

Another relevant example of a colloidal system is the presence of solid fission products (SFPs) suspended in the
molten salt of a MSR. The SFPs eventually deposit on internal components such as pumps, heat exchangers or
piping surfaces, which reduces heat transfer performance and can lead to localised hot spots [69, 14]. Under-
standing the transport, aggregation and removal of these species is therefore essential for the safe and reliable
operation of molten salt reactors.

From this point, the focus shifts to the aggregation of SFPs in the MSR, which has been the primary motivation
for this research. Although the MSR serves as the central case study, the objective remains to develop a general
framework that can be applied to other colloidal systems. The MSR context is used to validate and quantify
the aggregation behaviour in the simulations. Therefore, all simulations are performed using physical properties
representative of MSR operating conditions. The next section introduces the context needed for SFP aggregation
in MSRs.

2.2. Case Study Introduction: Molten Salt Reactor

Figure 2.1 illustrates the workflow of a molten salt reactor. The fuel salt, which contains dissolved fissile material,
circulates through the reactor core where fission heat is generated. The molten salt acts both as fuel and as primary
coolant, absorbing the released heat while simultaneously transporting the fuel through the system.

The heated salt exits the core and transfers its thermal energy to a secondary salt loop through a heat exchanger.
The secondary loop drives a turbine cycle, where the heat is converted into mechanical work and subsequently
into electrical power. After heat extraction, the cooled secondary salt returns to the heat exchanger, completing the
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circulation loop. A portion of the thermal energy can be directed to alternative applications, including hydrogen
production, water desalination and industrial process heat [18].

The molten salt provides an inherent negative temperature coefficient of reactivity. As the temperature increases,
the salt expands and the density of fissile material decreases. This reduction in fissile density lowers the probabil-
ity of neutron absorption and fission events, which stabilises the power output. The effect is purely thermophysical
and does not rely on mechanical control systems, which contributes to the intrinsic safety characteristics of molten
salt reactors [16].

At the same time, the liquid fuel introduces complexity. Fission products formed during reactor operation dis-
solve, remain suspended or appear in gaseous form, each with different implications. These fission products can
be classified into three groups. Gaseous fission products migrate to the free surface of the salt and are removed
through the off-gas system. Soluble fission products form ionic species with the carrier salt and alter thermophys-
ical properties such as density, viscosity and heat capacity. Solid fission products remain as particles within the
salt and aggregate to NPs and deposit on internal surfaces. Understanding the kinetics and deposition interaction
of these SFPs is necessary for predicting long-term reactor performance and defining appropriate operational and
safety limits.

2.2.1. Solid Fission Products

During the Molten Salt Reactor Experiment (MSRE) at Oak Ridge National Laboratory (ORNL), the first oper-
ational demonstration of molten salt reactor technology, it was observed that a fraction of the fission products
formed metallic nanoparticles. These particles were found either suspended in the circulating salt or deposited
on internal surfaces of the reactor loop. The distribution of deposited material was shown to depend on the fissile
isotope used, either 23°U or 223U, due to differences in the fission product inventory and operating conditions.
Post-operation analysis identified several noble metal isotopes formed through decay chains, including Mo,
103Ry, 106Ry, 129mTe, 132Te and ?°Nb. Table 2.2 summarises the relevant fission product parameters for 235U
operation, as reported in the MSRE documentation [37].

Table 2.2: Noble metal fission product parameters for 23°U runs, based on MSRE data.

Noble Metal Cumulative Yield of Precursor (%) Half-Life of Precursor Half-Life of Noble Metal

99Mo 6.06 2.4 min 66.5h
103Ry 3.00 1.2 min 39.7 days
106Ry 0.39 <1 min 1.01 yr
129mTe 0.71 46h 37 days
132Te 4.71 2.1 min 77 h
95Nb 6.22 65 days 35 days

Among these, molybdenum (Mo) and niobium (Nb) were identified as the dominant noble metals deposited on
the reactor walls.

2.2.2. SFP Life Cycle

The life cycle of SFPs in a MSR begins with their formation during the fission of nuclear fuel. These fission
products are generated either directly from the fission event or indirectly through the decay of precursor iso-
topes. Initially, sole fission products (single atoms) are dispersed in the molten salt, gradually increasing their
concentration within the liquid phase.

Nucleation marks the onset of a new phase formation. In the context of an MSR, SFPs transition from individual
atoms dissolved in the molten salt to NPs that are no longer soluble. The individual atoms are called “’dissolved”
but they do not make bonds with the solvent. The atoms can only be called a solid after enough have clustered
together to reach a size where the bulk properties become apparent. According to Classical Nucleation Theory
(CNT), this process, termed homogeneous nucleation, requires an energy barrier to be overcome before a stable
nucleus can form [7]. As atoms are beginning to cluster, an interface between the liquid and solid phases develops
and requires energy. This energy requirement often causes small clusters to fall back into single dissolved atoms.
As the solute concentration increases, the probability of clusters encountering and attaching to other atoms rises,
promoting growth beyond the critical radius. Once this critical radius is surpassed, the NP becomes thermody-
namically stable and continues to grow spontaneously [53].
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When NPs are present in the molten salt, their behavior is governed by a balance of interatomic and electrostatic
forces. Larger NPs develop an electrostatic potential at their surface due to repulsion among free electrons [5].
The interaction between attractive van der Waals forces and repulsive electrostatic interactions determines their
aggregation behavior and is described by DLVO theory [11, 76]. The NP life cycle is illustrated in Figure 2.2. Pri-
mary particles nucleate into small clusters, which subsequently aggregate into larger NPs and eventually deposit
onto surfaces.

As NPs continue to grow, their motion becomes increasingly influenced by hydrodynamic and thermophoretic
effects. Fluid turbulence can transport the particles toward the reactor walls, where they may adhere if the wall—
particle interaction is sufficiently strong. At larger sizes, gravitational forces dominate, leading to gradual sedi-
mentation of the NPs onto the reactor floor.

Nucleation Aggregation Sedimentation

Figure 2.2: Schematic overview of nanoparticle evolution: nucleation of primary particles, aggregation into larger clusters, and
sedimentation onto a surface. The “—” symbols indicate the negative surface charge

Summarising, deposition of SFPs presents a significant challenge in MSR operation. These deposits can contam-
inate equipment and the surrounding environment, will have corrosion effects on structural materials such as fuel
cladding, and pose severe health risks due to their radioactivity [80]. As shown in Table 2.2, the relevant SFPs
exhibit measurable half-lives, confirming their radioactive nature. During maintenance and repair activities, these
deposits increase both the complexity and the hazard of the work, as personnel are exposed to elevated radiation
levels [1]. These reasons stresses the fact that the MSR is a relevant case study for this research.

2.3. Scope Definition

Preliminary research led to a refinement of the project scope. Although the aggregation of solid fission products
(SFPs) in a Molten Salt Reactor (MSR) was initially the primary objective, further investigation into the life cycle
of SFPs and parameter variations of the DLVO potential revealed a more suitable scope. The scope has therefore
been altered to the development of a general framework that captures aggregation kinetics using coarse-grained
simulations, with an application to a MSR environment. The following sections justify the exclusion of nucleation
and explain the motivation for developing a non-dimensional framework.

Exclusion of Nucleation

Nucleation represents the initial stage of NP formation and is driven by the minimization of the Gibbs free energy.
It can be viewed as a chemical reaction in which individual atoms combine to form clusters. For example, when
two atoms merge into a dimer. The Gibbs free energy barrier associated with the process of nucleation depends
on the chemical potential of the liquid phase and must be overcome for a stable cluster to form. According to
Classical Nucleation Theory (CNT), a cluster must reach a critical radius before it becomes thermodynamically
stable and can continue to grow spontaneously. The Gibbs free energy barrier and the evolution of the free
energy with particle radius are shown in Figure 2.3. The formation of stable clusters needs at least the same
energy as the Gibbs free energy barrier AG*. Cai and Kangasluoma [7] demonstrated that partial pressures of
small clusters can also lower the Gibbs free energy barrier, allowing nucleation once the concentration of solute
atoms becomes sufficiently high. Additionally, the process in which multiple species participate (heterogeneous
nucleation) reduces this energy barrier as well and it will facilitate cluster formation. Both processes could make
spontaneous nucleation of SFP’s in MSRs possible.

Nucleation is inherently governed by chemical reactions and thermodynamic driving forces. Simulating this
process realistically requires molecular-level models capable of tracking Gibbs free energy and enthalpy to ensure
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Figure 2.3: Gibbs free-energy profile of nucleation. Formation of a stable cluster requires overcoming the critical Gibbs free-energy barrier
AG*. As the concentration of primary particles increases, the reaction free energy decreases, promoting aggregation and stable nanoparticle
growth.

that energy minimization is achieved at every timestep. In the case of MSRs, this becomes particularly complex
because nuclear fission produces a wide range of isotopes and elements, making it difficult to predict which
species will act as nucleation centers and under what conditions they will stabilize.

Additionally, the timescales on which nucleation occurs are typically on the order of picoseconds to nanoseconds
[68], whereas this thesis focuses on the subsequent aggregation and sedimentation behavior that occurs on much
larger temporal and spatial scales. For these reasons, the nucleation stage is omitted from the simulations. Nayak
et al. [53] have performed a nucleation study on the formation of Nickel clusters. The study revealed that clusters
up to 23 atoms slowly converged to bulk structures and properties with high alternating stability. Highlighting
the difficulty of predicting and simulating small cluster stability. In conclusion, due to increased complexity and
difference in spatial and time scales, nucleation is not included in the scope of this research.

Appendix B further elaborates the nucleation process, the critical radius based on surface-to-volume minimalisa-
tion and the reduction of the Gibbs free energy barrier by taking partial pressures into account.

Preliminary Study on Aggregation Behaviour

To identify which physical interactions promote colloidal aggregation, a parameter study was performed in which
key parameters, such as temperature, particle radius, Hamaker constant and ionic strength, were systematically
varied. The results, together with the parameter ranges and resulting interaction potentials, are presented in
Appendix C.

The study successfully revealed how individual parameters influence both the shape of the DLVO potential. Clear
trends were observed: certain parameters directly modified the attractive or repulsive contributions of the poten-
tial, while others primarily affected its overall magnitude. However, combining the effects of multiple parameters
proved challenging. It was observed that different combinations of physical parameters could yield nearly iden-
tical potential profiles, suggesting the presence of underlying scaling relationships. Additionally, the analysis
highlighted that several input quantities, particularly the Hamaker constant and the surface potential, remain un-
certain or difficult to determine experimentally.

The combination of parameter uncertainty and the emerging evidence of scaling behaviour provided strong moti-
vation to develop a non-dimensional framework that captures colloidal aggregation behaviour in a more general
and physically interpretable form. Previous studies have investigated how individual parameters affect colloidal
interactions [17], yet a comprehensive dimensionless formulation that summarise these effects has not been es-
tablished.

This thesis therefore introduces the first development of such a non-dimensional DLVO-based framework. The
framework enables comparison across different systems by expressing the relevant physics (Van der Waals at-
traction and electrostatic repulsion) through dimensionless ratios rather than system-specific quantities, thereby
improving both generality and predictive capability.
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2.4. Existing Literature

Relevant prior research is summarised below and is used as a foundation of this report.

Metal NPs in Ionic liquids
» This work demonstrates how the introduction of specific ligands stabilises gold nanoparticles (Au NPs)
dispersed in ionic liquids, thereby suppressing the tendency to aggregate. Siqueira and Ribeiro [65] show
that ligand-coated Au NPs in ionic liquids maintain dispersion stability, highlighting the key role of surface
functionalisation in controlling aggregation thermodynamics.

* In their work, He and Alexandridis [26] examine AU NPs dispersions in ionic liquids with added ligands,
showing that specific surface functionalisation can successfully stabilise the nanoparticles and markedly
suppress aggregation. They report that classic DLVO theory fails to capture the observed stabilisation
behaviour.

* Ravichandran and al. [59] uses a hybrid approach combining all-atom (AA) and coarse-grained (CG) molec-
ular dynamics to investigate the dispersion of silver (Ag) nanoparticles in an imidazolium-based ionic liquid.
The authors find that cation rings and specific anion headgroups preferentially adsorb onto the NP surface,
forming solvation layers that influence stability.

Non-DLVO Forces
» In their study of silica NP dispersions, Liu et al. [48] demonstrate that divalent cations Ca?*, Mg?™ have
different critical aggregation concentrations while having the same valency. These results can not be fully
explained by the classical DLVO model and instead suggest additional ion-bridging and hydration-force
contributions to aggregation kinetics.

* Intheir study, Merk et al. [51] investigate ligand-free AU NPs in dilute electrolyte solutions and demonstrate
that anion identity following the Hofmeister sequence strongly influences colloidal stability, even at low
ionic strength. They show that traditional DLVO theory cannot account for these ion-specific stabilization
trends and provide experimental evidence that more polarizable, chaotropic anions reduce aggregation rates
by adsorbing at the gold surface.

Coarse-Grained Molecular Dynamics
* Petretto, Campomanes, and Vanni (2023) developed a coarse-grained molecular dynamics model compati-
ble with the SPICA/SDK force field to simulate the aggregation of surface-functionalized AuNPs in aque-
ous solution. The model introduces a new “core-decoy” bead to better capture gold—ligand and gold—solvent
interactions, enabling accurate reproduction of dimerization energies and aggregation kinetics across hy-
drophobic and charged NP systems. This approach bridges atomistic and coarse-grained modeling, offering
improved computational efficiency without sacrificing essential molecular accuracy.[58]

* This study proposes an application of Nosé—Hoover (NH) dynamics as a coarse-graining (CG) method for
molecular simulations, offering an alternative to traditional Langevin-based approaches. The NH dynam-
ics, known for its deterministic temperature control without stochastic forces, is adapted here to model a
monoatomic Lennard-Jones system at different coarse-grained levels. The CG particle’s equation of mo-
tion is derived from atomic-level dynamics, linking NH thermostat terms with system properties obtained
from molecular dynamics (MD) simulations. [83]

* Siqueira and Ribeiro [64] examines two Au NPs immersed in a variety of imidazolium-based ionic liquids,
computing potentials of mean force (PMF) and examining ion layering between NPs. It finds that longer
alkyl-chain cations lead to a thicker apolar spacer between particles, increasing stability (i.e., resisting
aggregation).
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2.5. Motivation and Research Objectives

The background study shows that the aggregation of NPs in ionic liquids has been widely studied in literature,
particularly for systems involving noble metals such as gold. These studies have provided valuable insight into
the mechanisms governing NP aggregation and the influence of various physical parameters. However, a clear,
unified framework that relates these mechanisms across different systems remains lacking. Most existing studies
investigate single-parameter variations and qualitatively compare the results to DLVO theory, often concluding
that DLVO either underestimates or overestimates experimental aggregation behaviour.

This thesis forms part of a broader PhD project by N. Mischenko, which aims to describe the complete lifecycle of
solid fission products (SFPs) in molten salt reactors (MSRs). Within that context, this work serves as an essential
stepping stone toward a quantitative framework capable of describing NP growth within MSR environments.
The ultimate goal is to extend this understanding to particle—wall interactions and to predict the sedimentation
behaviour of NPs on reactor walls.

Research Questions

This thesis focuses on the development of a non-dimensional framework that captures the aggregation behaviour
of colloidal systems through dimensionless parameters derived from DLVO theory. This framework aims to
reduce the number of parameters to a minimal set that effectively represents the behaviour of these systems.
Additionally, it is applied to coarse-grained simulations to quantify aggregation kinetics under varying physical
conditions. Molten salt reactors serve as a relevant case study due to the presence of SFP NPs.

Accordingly, the following research questions are formulated:

* To what extent can a DLVO-based, non-dimensional framework describe and classify nanoparticle aggre-
gation behaviour of a system?

» How do the dimensionless parameters of this DLVO framework relate to aggregation kinetics, specifically
the aggregation rate and the equilibrium cluster size, with coarse-grained molecular dynamics?

* How can this non-dimensional DLVO framework be applied to predict the aggregation of solid fission
products in molten salt reactor conditions?

The following chapters address these research questions in detail.
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Interaction Potentials and Colloidal Theory

This chapter introduces the theoretical background of DLVO theory. The interaction potentials that constitute
the total potential are presented, together with the underlying physical assumptions, so that the resulting applica-
tions and limitations are well understood. In addition, specific considerations related to the Molten Salt Reactor
(MSR) case are discussed. Section 3.1 introduces the concept of the electric double layer, which arises in ionic
systems due to charge separation near surfaces. This phenomenon forms the basis for the electrostatic repulsion
term in the total potential. Section 3.2 discusses DLVO theory in deeper detail, and describes the fundamental
components that constitute the potential, namely electrostatic repulsion, van der Waals attraction, and short-range
Born repulsion. These potentials are subsequently formulated for both sphere-sphere and sphere-plate geometries.
Finally, Section 3.3 presents the complete DLVO potential that combines the different contributions and will later
be implemented in the molecular dynamics simulations.

3.1. Electric Double Layer

The Electric Double Layer (EDL) is a phenomenon that appears on the surface of a conductive object when
it is exposed to a fluid. The EDL refers to the two parallel layers of charge surrounding the object. The first
layer, the surface charge (either positive or negative), consists of ions adsorbed onto the object through chemical
interactions or free electrons that are on the surface. The second layer is composed of ions attracted to the surface
charge via the Coulomb force, electrically screening the first layer. The second layer consists of free ions that
are less strongly bound to the particle surface. These ions remain in the surrounding fluid and move due to
electrostatic attraction and thermal motion. This region is commonly referred to as the diffuse layer. Figure 3.1
shows the structure of the electric double layer surrounding a negatively charged colloidal particle. A compact
Stern layer of adsorbed counter-ions forms directly at the particle surface. Followed by the diffuse layer, which
extends into the solution, where ion concentrations follow the Boltzmann distribution until the bulk concentration
is reached.

In MSRs, conductive surfaces in contact with the molten salt develop a surface potential and carry a net sur-
face charge. This originates from the mobility of conduction electrons, which repel each other electrostatically
and migrate toward the material boundary. In addition, electron spill-out occurs, depending on the surrounding
medium, the electronic charge density extends partially beyond the solid surface [42]. This creates a local charge
imbalance and an electrostatic potential difference. The resulting negative potential attracts cations (positively
charged ions) from the salt, which accumulate near the surface, forming the first layer of the EDL, the Stern layer.

When the surface potential is sufficiently large (typically > 25 mV), these cations become strongly bound to
the surface, forming a relatively immobile Stern layer [81]. Beyond this, the potential decays gradually into
the molten salt, and ions rearrange according to the residual potential, creating the second layer of the EDL: the
Diffuse layer. In this region, the concentration of counter-ions (in the case of a MSR: cations) remains higher
than that of anions until the potential decays to zero, effectively screening the potential. This screening effect
continues until the concentrations of the cations and anions reach the bulk value.

The next section will explain the effect of screening in more detail.

11
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Figure 3.1: A schematic representation of the EDL around a charged NP. The EDL consists of the compact Stern layer, where counter-ions
are adsorbed directly onto the surface, and the diffuse layer, where the remaining ions are distributed according to the electrostatic potential.

Screening Effect

The EDL gives rise to a screening effect that effectively reduces the electrostatic potential near a charged surface.
This occurs because counter-ions are attracted toward negatively charged particles, where they partially neutralize
the surface charge. Each cation generates an electric potential of opposite sign relative to that of the surface, and
the superposition of these potentials results in a net reduction of the overall potential. The stronger the screening
effect, the shorter the double-layer thickness.

Figure 3.2a and Figure 3.2b illustrate how ionic strength affects the thickness of the electric double layer surround-
ing a negatively charged surface. In a high ionic strength environment (Figure 3.2a), counter-ion availability is
high, lowering the electric potential ¢ and reducing the Debye length. In contrast, at low ionic strength (Figure
3.2b), fewer ions are available to screen the surface charge, resulting in a more gradual potential decay and a
larger Debye length. The Debye lengths shown are indicative and not drawn to scale, and are intended solely to
highlight the trend in screening behavior.

In summary, the electrical double layer near a conductive interface consists of a surface layer of excess electrons,
possibly a layer of specifically adsorbed counter-ions, and a diffuse region in which one type of ion is present
in excess while the other is depleted. Together, these regions screen the interfacial charge and determine the
local electrostatic potential profile. In the next section, the Poisson-Boltzmann equation will be shown as well as
the derivation of the inverse Debye length x. The Poisson—Boltzmann equation is essential for describing how
the electrostatic potential decays from the charged surface into the bulk. The Poisson-Boltzmann and its simpli-
fied form (Debye-Hiickel approximation) form the basis of formulating the electric repulsion between colloidal
particles.
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(a) High ionic strength (short Debye length). (b) Low ionic strength (long Debye length).

Figure 3.2: Effect of ionic strength on the electric double layer surrounding a negatively charged surface. (a) At high ionic strength,
counter-ions efficiently screen the surface charge, reducing the electric potential ¢ and shortening the Debye length. (b) At low ionic
strength, fewer counter-ions are available, resulting in a larger Debye length and a more gradual decay of ¢.

Poisson-Boltzmann Equation
This section outlines the key steps involved in deriving the (linearized) Poisson—Boltzmann equation. The com-
plete derivation is provided in Appendix A.

The Poisson—Boltzmann equation was formulated independently by Gouy and Chapman [22, 8], who combined
Poisson’s equation from electrostatics with the Boltzmann distribution for ionic charge densities. If the surface
potential g is known, the electric potential and ion distribution in the electrolyte can be described as a function
of distance from the surface.

In deriving their model, Gouy and Chapman made the following key assumptions:

1. The surface is planar, infinitely large, and of infinite thickness.

2. The anions and cations in the medium are treated as point charges that can approach the surface arbitrarily
closely.

3. The surface charge density and potential are uniform over the entire surface.

4. The solvent acts as a continuous medium with constant dielectric properties, independent of the distance
from the surface.

Using the electrostatic relation that the electric field is the gradient of the scalar potential, E = —V ¢, the electric
field can be expressed in terms of the potential. Combining this with one of Maxwell’s equations, V - E = p/zo,
results in Poisson’s equation. Poisson’s equation directly relates the charge density to the electrostatic potential
[24].

Vip(r) = -2 (3.1)

where € is the permittivity of the medium, defined as € = y¢e,.. Here, £y denotes the vacuum permittivity, €, the
relative dielectric constant of the medium, and p(r) the local charge density.

In the case of an ionic liquid, the ions redistribute themselves according to the local electrostatic potential. Since
they are treated as point charges, their spatial arrangement is not restricted by their finite size and they can fully
respond to the potential field. By considering the total free energy, which includes both chemical and electrostatic
contributions, the ionic concentration profiles can be derived to follow a Boltzmann distribution. From these
distributions of cations and anions, the charge density can be expressed and substituted into Eq. 3.1, resulting in
the Poisson—Boltzmann equation [15]:

Pext (I‘) '

V?®(r) = £”sinh [®(r)] + .

(3.2)
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Here, the dimensionless potential & = % is introduced, where z is the ionic valence, e the elementary charge,
B

k is the inverse Debye length, kp the Boltzmann constant, and 7" the absolute temperature. The system can be
solved using the following boundary conditions:

dd
<1>:<1>0<: Z‘gﬂ)) forr=0,  ®=0and - =0forr — oo, (3.3)

which impose that at the surface, the potential equals the surface potential ¢, and that it decays to zero far from
the charged interface. Moreover, the inverse Debye length « is defined as

262NAI
2
= 34
il (3:4)
with N4 is Avogadro’s constant and I the ionic strength of the solution, expressed as [66]:
=1 > Ze (3.5)
2 - i Ciy .

where z; is the ionic valence and ¢; the molar concentration [mol L~!] of ion species i. There exists ambiguity
around the ionic strength, as sources have defined it with concentration in units of molality [mol kg~']. These
two definitions yield different results. For this reason, it is explicitly mentioned here. The ionic strength I
strongly influences the value of x and thus the extent of electrostatic screening. Systems containing multivalent
ions exhibit particularly high ionic strengths, resulting in significantly shorter screening lengths and stronger
double-layer compression.

Linearized Poisson-Boltzmann equation
A useful approximation can be made for low surface potentials ®, < 1 or when ¢, < 25 mV. Assuming
sinh(®) ~ ® transforms the equation in the Debye-Hiickel approximation:

V20 (r) = k20(r) + 2 CX;(r). (3.6)

Solving equation 3.6 for a point charge: Q3(r) in spherical coordinates and under the boundary conditions given
in equation (3.3) recovers the Yukawa potential [88]:

Q e KT

" Adger

(I)(T) y T'= |I‘|, (3.7)
The Debye-Hiickel approximation is the basis of the Linear Superposition Approximation (LSA). This approxi-
mation will capture the electric interaction of charged spheres in ionic liquids.

Electric Double Layer Behavior in Molten Salts

In molten salts, the behaviour of the EDL differs fundamentally from that in dilute aqueous electrolytes. Due
to the extremely high ionic concentration, electrostatic screening is very strong and the double layer becomes
exceedingly thin, typically smaller than the ionic diameter. Consequently, the potential decays within a very short
distance from the metallic surface, and the classical concept of a continuous diffuse layer becomes less meaningful.
Instead, ion—ion correlations and specific adsorption effects dominate the interfacial structure, leading to partial
ordering or layering of the first ionic layers near the surface.

Because of the high ionic strength and finite ion size, assumption 2 of Gouy and Chapman becomes questionable.
Charged species cannot follow the ideal Boltzmann distribution without overlap or crowding. In other words,
steric effects and strong screening limit the applicability of the continuum diffuse-layer concept. The Gouy—
Chapman theory therefore breaks down under such extreme conditions, particularly when screening is strong
and the dielectric constant is low. At sufficiently high surface charge densities, alternating layers of cations and
anions may form near the interface [82]. Additionally, the assumption of a ’smeared-out’ surface charge may seem
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especially suspect in view of the small sized NPs where structural properties are still relevant [S3]. However, the
rate of exchange of protons and other ions between surface sites and the adjacent solution is usually very rapid,
compared to the time of approach of colloidal particles. For this reason, many surfaces may be regarded as having
an effectively uniform surface charge density [15]. The last assumption is valid for the bulk of the liquid where
temperature is constant. However, near reactor walls or at heat exchangers, there exists a temperature gradient
and the effect on the dielectric properties may becomes significant.

Nevertheless, both experimental observations and molecular simulations suggest that the general EDL framework
remains a useful approximation to describe interfacial electrostatics, provided that the surface potential is suffi-
ciently low [39]. Even when the assumptions of dilute-electrolyte theory are not strictly valid, the linearized form
of the Gouy—Chapman model can still capture the essential screening behavior.

The assumption of low surface potentials is appropriate for the conditions encountered in a MSR. Inside the
reactor, no external potential is applied to the metallic walls or to suspended particles, so the resulting surface
potentials are expected to be small enough for the linearized Gouy—Chapman approximation to hold [39].

The EDL thus governs one of the key interaction potentials forming the basis of DLVO theory. The DLVO theory
and the corresponding potentials are discussed in the following section.

3.2. DLVO Theory and Interatomic Forces

The theory developed by Derjaguin, Landau, Verwey and Overbeek (DLVO), describes the balance between
attractive and repulsive forces in colloidal systems [11, 76]. This section introduces and explains each of the in-
teraction potentials that together constitute the DLVO theory. These are discussed in the following order: electric
repulsion, van der Waals attraction and Born repulsion potential.

3.2.1. Electrostatic Repulsion

According to DLVO theory, and as predicted by the Gouy—Chapman model, the electrostatic repulsion originates
from the overlap of the electric double layers surrounding adjacent charged particles. When these diffuse layers
overlap, the local ion concentration between the surfaces increases, leading to a repulsive force. This phenomenon
is represented in Figure 3.3. The strength of this electrostatic repulsion depends on both the surface potential and
the characteristic thickness of the double layer. A higher surface potential enhances the repulsive force, while a
lower ionic concentration increases the double-layer thickness, extending the range of the interaction.

Boundary Conditions

Extensive research has been conducted on the interaction between charged planar surfaces and between charged
spheres [42, 15]. The analytical solution of the linearized Poisson—Boltzmann equation strongly depends on
the applied boundary conditions. Two limiting cases are commonly distinguished: the Constant-Potential Ap-
proximation (CPA) and the Constant-Charge Approximation (CCA). These boundary conditions will be briefly
discussed in this section. They are summarized in Table 3.1.

Overlap in double
layer leading to
repulsive force
between particles

Electrical Solid No overlap in Electrical Solid
double layer grain double layers double layer grain

Figure 3.3: Schematic representation of electrical double layers surrounding charged particles. When the double layers do not overlap (left),
no electrostatic interaction occurs. When the layers overlap (right), repulsive forces arise between the particles due to increased ion
concentration in the overlapping region [50].
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Table 3.1: Boundary conditions for CPA and CCA.

Constant-Potential Approximation (CPA) Constant-Charge Approximation (CCA)

Qsurface = constant Osurface = Constant
dy
h = 0 = — _ —
o( ) =1 € dh |, _, 01
de
p(h=D) =2 +e — =02
dh h=D

There, the sign difference in the CCA condition arises because the outward normal vector at A = D points in the
opposite direction of that at h = 0.

The Constant-Potential Approximation (CPA) applies to systems where charge exchange between the surface
and the surrounding medium is rapid, such as metallic or highly conductive interfaces. Under this condition,
the surface potential remains constant even when the double layers overlap, since the surface charge can be
instantly adjust to maintain electrochemical equilibrium. Interestingly, this condition can lead to weakly attractive
interactions between like-charged surfaces at small separations, as the potential gradient decreases locally due to
charge redistribution.

In contrast, the Constant-Charge Approximation (CCA) describes systems where surface charge originates from
fixed ionized groups that cannot quickly re-equilibrate, such as oxide or polymer surfaces. In this case, the
total surface charge remains constant while the potential varies with separation. As two surfaces approach, their
double layers are compressed, resulting in a steep, exponentially increasing repulsive force that diverges at short
distances.

Linear Superposition Approximation

In the context of metallic cluster aggregation in MSRs, the CPA is generally not applicable. The brief duration
of interactions between colloidal particles does not allow sufficient time for the electrochemical potential to re-
equilibrate [20]. Experimental and theoretical studies indicate that the interaction behavior typically lies between
the two extremes of CPA and CCA [13]. This intermediate regime is well described by the Linear Superposition
Approximation (LSA), which assumes that the potentials of interacting particles are sufficiently small and can be
linearly superimposed without significant mutual distortion. Despite its simplicity, the LSA provides an accurate
description of electrostatic interactions in systems with moderate surface potentials.

Yt = 1+ P2, (3-8)
where the total potential ; is the sum of the potential of one particle ¢; and of the other (5.

LSA Sphere-sphere potential

The LSA potential is first derived for the case of two parallel plates approaching each other. To extend this to
spherical geometries, the Derjaguin approximation is applied, relating the interaction between curved surfaces to
that between planar ones. The detailed derivations are omitted here, and only the final expression for the LSA
potential between two spheres is presented in this thesis [54, 23].

a1a9 NAI]CBT —kh
((11 ¥ a2) K2 T2 €

Uiéa(h) = 1287 h<a (3.9)

where 71, 72 represent the dimensionless surface potentials of particle 1 and 2:

- exp(¢0/2) -1 . @0
= op(@/2) 11 <4> (10

Research has shown that the LSA has very good agreement if the separation of the particles is much larger than
the debye length kh > 1 [56, 71].
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Figure 3.4: Overview of the three dipole-dipole interactions. p denotes a permanent dipole moment and ¢ an induced dipole moment. The
interactions are arranged from strongest (left) to weakest (right) [84].

LSA Sphere-plate potential
The sphere plate potential can be obtained by allowing one of the radii to approach infinity. Taking the limit
as — oo and generalizing a; to any radius a gives the sphere-plate potential:

NalkpT o

Ursa(h) = 1287TT amy2 e h<a (3.11)

3.2.2. Van der Waals Attraction
This section covers the van der Waals attraction potential, which is one of the three potentials of DLVO theory.
At the end of the section, the sphere-sphere and the sphere-plate van der Waals attraction potentials are given.

It has long been recognized that a natural attractive force exists between neutral molecules. These intermolecular
attractions, collectively known as van der Waals forces, arise from interactions between electric dipoles, both
permanent and induced. Even in systems without a net charge, transient or asymmetric charge distributions within
atoms and molecules produce weak but significant electrostatic attractions that determine colloidal stability.

Three types of dipole-dipole interactions are generally distinguished, all of which are wrapped under the van der
Waals force. From strongest to weakest, these are the Keesom, Debye, and London interactions, the interaction
are shown in Figure 3.4.

» The Keesom interaction describes the electrostatic attraction between molecules possessing permanent
dipole moments. As the strongest of the three dipole-dipole interactions, these dipoles orient themselves
so that opposite charges align, thereby minimizing the total electrostatic energy. The strength of this in-
teraction decays with the sixth power of the separation distance, 7%, indicating a relatively short range
compared to ionic interactions [2].

* The Debye interaction occurs between a polar molecule and a non-polar molecule. The electric field of the
permanent dipole induces a transient dipole moment in the otherwise neutral species, creating an attractive
force between them. This interaction also decays proportionally to r 6.

* Finally, the London dispersion interaction acts even between entirely non-polar molecules. Fluctuations in
the electron density create instantaneous dipoles that induce complementary dipoles in neighboring atoms
or molecules. The resulting attraction, though individually weak, is universal and becomes significant at
short separations. Like the Keesom and Debye interactions, it decays proportional to r 5.

Together, these three mechanisms give rise to the van der Waals potential, which for a pair of molecules can be

expressed as

c
Uvaw(h) = =, (3.12)

where C' is a material-specific constant representing the strength of the interaction and capturing the Keesom,
Debye and London interactions.

When dealing with macroscopic systems, such as colloidal particles or solid surfaces, the total van der Waals
interaction results from the cumulative effect of many individual atom-atom interactions. Integrating these inter-
actions over the volume of the respective bodies yields analytical expressions that depend on the geometry. For
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instance, the interaction between a molecule and an infinitely extended planar surface can be derived as follows.
The separation between a molecule and a surface element is given by h = /22 4+ y? + 22, while the differential
volume element is dV = dx dy dz. The total potential energy is obtained by integrating the pairwise interaction
over the entire half-space:

I R e C mpC
awt) == [ [ [ dndyde = T (3.13)
—o00 J—o00J—00 (.1‘2 + y2 + 22) 6r
where p is the molecular number density. The interaction between a particle and a wall thus decays as 73,
showing that it is longer-ranged than the interatomic dependence 5.
Extending this approach to two planar surfaces yields an interaction per unit area that scales as r~2:
A1z

U, =—— 3.14
dW (T.) 12772 ) ( )

where A15 = m2p1 poC is the Hamaker constant, capturing the strength of interaction between two media (1 and 2)
across a vacuum [25]. Typical values of A range between 102! and 10~17 J, depending on the materials involved.
The Hamaker constant effectively separates the material-dependent and geometric contributions, simplifying the
analysis of macroscopic van der Waals interactions.

Sphere-Sphere Attraction Potential
Hamaker also derived the van der Waals interaction between two spheres, which is particularly relevant when
describing colloidal particles [25]:

ss A 2(110,2 4 20,1(12 + 1 h2 —+ 2a1h —+ 2a2h
__4a n
vdw 6 | h2+2a1h + 2ash | B2 + 2a1h + 2ash + 4ajas h2 + 2a1h + 2ash + 4ajas
(3.15)
where h is the interatomic distance between the clusters. In the near-field limit, where h < a4, as, equation
(3.15) simplifies to
ss Aa1 a9

= h . 3.16
vdW 6h(ar + a2)7 <L ay,az ( )

These expressions are most accurate at short separations (up to about 10% of the particle radius), where van der
Waals interactions dominate [15].

Sphere-Plate Attraction Potential
Finally, the sphere-plate interaction can be derived as a limiting case of the sphere-sphere interaction by allowing
one of the radii to approach infinity (a; — o0) [25]:

Ala a h
USP —_ 1= 1 [ 3.17
vaw = g h+h+2a+n(h+2a)]’ (3.17)

where there is only one particle radius in the equation, so the subscript is removed a; — a, This configuration is
of particular relevance for describing particle deposition on surfaces and represents the attractive contribution to
the DLVO potential.

3.2.3. Born Repulsion Potential
Lastly, the third potential of the DLVO theory is discussed, the Born potential. At the end of the section, both the
sphere-sphere and the sphere-plate potentials are given used in this research.

At very short separations, all particles experience a repulsive force that prohibits the nuclei from coming in closer
contact with each other. This repulsive force originates from the Pauli exclusion principle when there is overlap of
electron clouds from both atoms. These forces are important in determining the atomic spacing in solids, liquids,
and gasses and can dominate when molecules are separated by distances of a few Angstrém, which can occur at
high pressures.

Intermolecular forces are essential in molecular dynamics. In order to simulate atomic motion and predict system
behavior, the model must include a realistic repulsive force that prevents nuclei from collapsing into one another.
This short-range repulsion is typically represented using an exponential potential,



3.2. DLVO Theory and Interatomic Forces 19

Uor(h) = Ae™Ph, (3.18)
known as the Born-Mayer potential [6], or alternatively approximated by a power-law form,
A
ULJ,rep(h) = W7 (319)

as used in the Lennard-Jones potential [44]. Both expressions are empirical representations of the short-range
Pauli repulsion. Feke et al. (1984) derived the Born potential from the classical Lennard-Jones m-n potential

-] o2

with parameters m, n that tune the repulsive part and attractive part of the potential respectively. Setting m = 12
and n = 6 the classical Lennard-Jones potential is retrieved.

Ups(r) = e [(")12 - (Uﬂ (3.21)
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Researches have shown to be in good congruence about the attractive part being n = 6. However, many researches
have been in disagreement about the parameter m that controls the repulsive part of the potential. The Lennard-
Jones potential is a rigid potential and sphere-symmetric. Resulting in simulating the atoms as hard-spheres
that are isotropic. While in reality, electron-clouds deform when atoms come closer together. Making the real
potential several times softer, decreasing the exponential m < 12, than is captured in setting classical Lennard-
Jones potential m = 12

Sphere-Sphere Born Repulsion Potential

A more realistic, and softer, potential for two colloidal particles can be obtained by integrating the repulsive part
of the Lennard-Jones potential over the volume of the two clusters. All the individual contributions of the atoms
are captured, not regarding the specific internal structure and atom positions of the cluster. Feke et al. (1984)
evaluated the integral for two clusters that resulted in [17, 12].
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(3.22)

where 7 is the distance between the two centers of the particle. Equation (3.22) is valid for n > 8 [17]. In addition,
o is the collision diameter and is atom specific. The collision diameter controls the lateral position of the potential
and is in most cases a few Angstrom A. So the collision diameters of Mo and Nb are respectively o, = 0.31
nm and oy = 0.28 nm. [49].

Feke et al. [17] has conducted a near field approximation for equation (3.22) as well.

(n—6)! ajas 1
(n—2)'ay + ag hn=5’
where the distance parameter has changed from the centers of the two colloidal particles 7 to the distance between
the surfaces h. Moreover, it should be noticed that the near-field potential is five powers lower than the original
exponent of the Lennard-Jones potential m = 12, displayed in Equation (3.21). The reduced repulsive power
more accurately represents the deformation of electron cloud densities as two clusters approach each other.

U;Smf(h) =4A0""6 h < aq,as. (3.23)
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Sphere-Plate Born Repulsion Potential
A sphere-plate potential can be derived by taking the limit of one particle radius that goes to infinity as — oo
from equation (3.22) by Ruckenstein and Prieve [61]

AcS [ 8a+h 6a — h
U =
B 7560 | (2a + h)7 T

(3.24)

Equations (3.22) and (3.23) are a more realistic short-range repulsion potential for macroscopic bodies than the
simple Lennard-Jones form. In combination with an attractive potential for the van der Waals Force and a repul-
sive electrostatic potential, the DLVO potential is completed.

3.2.4. Non-DLVO Forces

DLVO theory has long served as a cornerstone for describing the aggregation behavior of colloidal systems.
However, numerous experimental studies have shown that the DLVO framework systematically under- or over-
estimates aggregation rates in certain systems. These deviations arise from additional interactions not accounted
for by the classical theory, collectively referred to as non-DLVO forces. The most relevant categories of these
forces are:

1. Hydration forces,
2. Hydrophobic forces,
3. lon polarizability and Hofmeister effect,

4. Steric stabilization.

This section briefly discusses the general effect of each of these forces and highlights their relevance in the context
of molten salt systems [15].

Hydration Forces

When two particles possessing hydrated surfaces approach one another, their interaction is subject to an additional
short-range hydration repulsion, distinct from the electrostatic double-layer repulsion [57]. This repulsive force
originates from the energetic cost associated with removing the bound or structured water molecules from the
surface if direct contact is to occur.

Water molecules, possessing a finite dipole moment, tend to align with the local electric field near charged sur-
faces, forming one or more structured hydration layers. These ordered layers lower the free energy of the system
and provide mechanical stability to the interface. As two hydrated surfaces approach, their hydration shells begin
to overlap, similar to the overlap of electric double layers. To achieve closer separation, the structured water must
be displaced, which requires additional work and therefore increases the free energy of the system. This process
manifests macroscopically as a short-range repulsive force that typically acts over distances of 1-3 nm.

Hydrophobic Interactions

In contrast to hydration repulsion, hydrophobic surfaces experience an additional attractive interaction that pro-
motes aggregation [34, 10]. Water possesses a highly structured hydrogen-bonding network. The presence of a
hydrophobic surface disrupts this structure, as it prevents hydrogen bonds from forming in its immediate vicinity.
When two hydrophobic surfaces approach, the confined water between them becomes increasingly disordered
and energetically unfavorable.

To minimize free energy, water molecules are expelled from the confined region into the bulk, where they can
form unrestricted hydrogen bonds. The resulting gain in entropy and reduction in interfacial energy give rise to
an attractive hydrophobic force. This interaction can significantly exceed the strength of van der Waals attrac-
tion, particularly for strongly hydrophobic surfaces or in systems containing dissolved gases, where nanobubble
bridging may further enhance the attraction.

The hydrophobic tendency of a surface is commonly characterized by the contact angle (0) of a liquid droplet on
the surface. It provides a macroscopic measure of surface wettability:

* 0 < 90°: hydrophilic surface, high wettability, water spreads easily.
* 6 > 90°: hydrophobic surface, low wettability, water beads up.
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Figure 3.5: A schematic representation of steric stabilization, showing two particles coated with polymers or ligands (black lines). The
overlap of these layers during close approach generates a repulsive force that prevents aggregation.

Thus, the contact angle serves as a practical indicator of the surface’s interaction with water and correlates directly
with the magnitude of hydrophobic forces observed experimentally.

Ion polarizability and Hofmeister effect

In addition to the general electrostatic description provided by the Gouy-Chapman-Stern framework, the stability
of charged interfaces in ionic systems also depends on specific ion effects. These effects arise from the intrinsic
polarizability of ions, defined as the ease with which their electron cloud can be distorted by an electric field.
Highly polarizable ions have loosely bound electrons and interact more strongly with surfaces, whereas low-
polarizability ions remain tightly hydrated and less responsive to local potentials.

Ions are often categorized according to the Hofmeister series into chaotropes and kosmotropes. Chaotropic ions
are large, weakly hydrated, and highly polarizable; they tend to disrupt the surrounding ionic or solvent structure
and adsorb readily onto surfaces. Their presence generally enhances colloidal stability by increasing surface
charge or altering interfacial energy. In contrast, kosmotropic ions are small, strongly hydrated, and exhibit low
polarizability. They reinforce the local ionic structure, remain in the bulk phase, and effectively screen surface
charge, which promotes aggregation.

Research have shown that in the case of Au NPs the effect of different ions on colloidal stability is significant [51].
This ion-specific behaviour explains why colloidal stability changes with different ionic liquids or electrolytes,
even when the ionic strength is constant.

Steric Stabilization

Steric stabilization is an additional, non-DLVO mechanism that contributes to colloidal stability. Here, the particle
surfaces are coated with polymers, surfactants, or organic ligands [81]. In such systems, adsorbed molecular
layers form a physical barrier around each particle, preventing close contact and thereby reducing the likelihood
of aggregation.

When two coated particles approach one another, steric repulsion arises once the surface—surface distance be-
comes smaller than twice the thickness of the adsorbed layer. At this point, the polymer chains begin to overlap,
increasing the local polymer concentration and compressing the chains, as illustrated in Figure 3.5. Both effects
lead to an increase in free energy, resulting in a repulsive force that drives the particles apart. The magnitude
and spatial range of this repulsion depend on the characteristics of the surface-bound polymer, such as molecular
weight and solubility in the surrounding medium.
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3.3. Combined Potential

This section combines the electrostatic repulsion, the van der Waals attraction, and the Born potential into the
total DLVO potential.

Throughout this thesis two types of DLVO-based interaction potentials are used. The first corresponds to the
sphere—sphere geometry, valid under the near-field approximation, h < a1, as. The second corresponds to the

sphere—plate geometry. An overview of the interaction potentials used in the non-dimensional framework and in
the coarse-grained simulations is given in Table 3.2. In all cases, a hard-sphere repulsion with exponent n = 12

is included.

Table 3.2: Total DLVO interaction potential for sphere—sphere and sphere—plate geometries.

Geometry DLVO Potential
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The equations presented in Table 3.2 illustrate the large number of parameters that can be adjusted to modify
the resulting potential and, consequently, the system behaviour. One of the main objectives of this thesis is to
develop a non-dimensional framework that consolidates these parameters into a minimal set of variables that
fully characterise the potential. This chapter has verified the consistency of the applied potentials and examined
the limitations associated with their dimensional form. The formulation of the non-dimensional framework is

presented in the following section.



Generalised DLVO Representation

DLVO theory provides a robust foundation for describing colloidal stability. Research has applied this theory to
a wide range of systems, each characterised by distinct parameters. However, no general framework has been
developed that unifies these cases and enables direct comparison.

The objective of this chapter is to derive a non-dimensional representation of the DLVO potential. This is achieved
by grouping dimensional parameters to a minimal set that can still capture aggregation behaviour. This approach
reduces the number of free variables. The framework is developed for both the sphere—sphere and sphere—plate
geometries.

DLVO Potential Characteristics

As discussed in Chapter 3, the total DLVO potential depends on a large number of parameters. Small parameter
variations strongly affect the potential and reveal their relative contributions. A parameter variation study, pre-
sented in Appendix C, strengthens the motivation to formulate the problem in terms of dimensionless parameters.

The qualitative behaviour of the potential can be derived from the amount and position of its extrema. In gen-
eral, three characteristic forms of the potential can be distinguished: a single primary minimum, a primary and
secondary minimum separated by an energy barrier, or a secondary minimum only. These configurations are
schematically represented in Figure 4.1. Each configuration reflects a distinct regime of colloidal stability and
interaction dynamics.

Primary Minimum Only

This regime occurs when the Electric Double Layer (EDL) is short-ranged and weak. A low surface potential or a
high ionic concentration can lead to a compressed EDL. As a result, the potential profile exhibits a deep primary
minimum at short interparticle distances, indicating strong attraction. In this case, the electrostatic repulsion is
insufficient to form an energy barrier.

B) PRIMARY AND C) SECONDARY ONLY

SECONDARY MINIMA

A) PRIMARY ONLY

Figure 4.1: Schematic representation of the three possible types of interaction potentials that arise when van der Waals, electrostatic, and
mean field Born forces are combined. The left potential corresponds to the weakest degree of electrostatic repulsion, and right potential to
the greatest electrostatic repulsion. The middle potential shows a energy barrier in between the two minima [17].

23
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The dominant attractive force causes irreversible aggregation, indicating poor colloidal stability. Therefore, sys-
tems described by this potential type often have rapid aggregation.

Primary and Secondary Minima

Moderate electrostatic repulsion results in a more complex potential. It contains both a deep primary minimum at
close range and a shallower secondary minimum at larger separation. These minima are separated by an energy
barrier generated by the repulsive contribution of the EDL.

The presence of both minima introduces the possibility of reversible aggregation (agglomeration). Thermal fluc-
tuations allow particles to escape the secondary minimum. Systems exhibiting such a potential landscape are
generally kinetically stable: particles may become loosely associated in the secondary minimum or form stronger,
but potentially irreversible, bonds in the primary minimum. This regime is most relevant to practical colloidal
systems with intermediate surface charge and electrolyte concentration.

Secondary Minimum Only

If the EDL is strong and extends far from the particle surface, the primary minimum disappears entirely. The
only attractive feature that remains is a shallow secondary minimum located at larger separation distances. High
surface charge combined with low ionic strength enhances the electrostatic repulsion and increases the double-
layer thickness.

The absence of a primary minimum ensures that colloidal particles remain well dispersed. Interactions in this
regime are weak and reversible, typically resulting in stable colloidal suspensions.

Identification of Regions from Extrema

The different potential regimes can be identified by examining the number of extrema and their positions. Po-
tentials that contain both a primary and a secondary minimum show three extrema: two minima separated by a
maximum, which represents the energy barrier.

Potentials with only a primary minimum or only a secondary minimum contain a single extremum. The location
of this extremum determines the regime. A primary minimum occurs at small separations from the surface. A
secondary minimum appears at larger separations, typically several Debye lengths away from the particle surface.
By evaluating both the number of extrema and the distance of the extrema from the surface, the three DLVO
regimes can be distinguished.

4.1. Dimensionless Formulation of the Potential

First, the DLVO potential for sphere-sphere geometry with the near-field approximation, given in Equation (3.25),
is non-dimensionalised. Later, the same derivation is conducted for sphere-plate geometry.

The coefficients of the Born, electrostatic, and van der Waals contributions are denoted by B, C, and D, respec-
tively. The potential is simplified to

B —i—Ce"‘h—B. 4.1)

v =57 h

To non-dimensionalise the potential, its magnitude is expressed relative to a characteristic energy scale. The
thermal energy, represented by kg7, provides a suitable reference, as it reflects the average kinetic energy of
the system and thus the characteristic energy scale of interparticle interactions. The potential energy is therefore
normalised as U’ = U/kpT.

In addition, the separation distance is made dimensionless by introducing the Debye length A = 1/k as the
characteristic length scale, which defines the range of electrostatic screening. The dimensionless distance is then
given by h’ = xh. Implementing both scaling relations yields:
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The scaling terms are grouped with the coefficients B, C, and D. This results in the dimensionless coefficients
B',C',and D'.
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4.2. Finding Extrema and Coefficient Definition
The extrema of the dimensionless potential are found by taking the derivative of Equation (4.2) with respect to
h' and setting it equal to zero:

ou’ 7B’ D
= T C'e™ + 25 =0 (4.3)

To further reduce the free parameters of the equation, both B” and C” are normalised by the dimensionless param-
eter D’. Rearranging terms yields,

Bl ]. / ’
¢ 2,-h" _q

7HW ﬁ(hl) e

=0. (4.4)

This relation highlights how the potential’s form is governed by two independent dimensionless ratios, B’/ D’ and
C'/D’, which together capture the behaviour of the system. Finally, the full analytical forms of the coefficients
are given in Table 4.1, together with the compact relative coefficient expressions used in the non-dimensional
framework.

Examining the expressions for the coefficient ratios shows a clear simplification. Several physical parameters
cancel out or are eliminated entirely. The ratios no longer depend on the particle radii a; and ao. This follows
from the near-field approximation (h < a1, ag), where the separation distance is much smaller than the particle
size. In this limit, the curved surfaces behave as if they were flat, and the radius no longer affects the interaction.
The absence of the radius term confirms that the approximation is valid and consistent. The dimensionless ratios
B'/D’" and C’'/D’ directly indicate how the system parameters influence the shape and strength of the DLVO
potential.

The current coefficients still contain implicit dependencies. For example, « depends on the ionic strength I,
which introduces an unwanted coupling between coefficients. To isolate the effect of each physical parameter,
the coefficients are reformulated so that no mutual dependencies remain:
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Although the expressions in Equation 4.5 are less compact, they reveal the temperature dependence of both coef-
ficients. The relations scale as B’'/D’ ~ T?-5 and C' /D’ ~ T3, indicating that temperature has a pronounced
influence on the potential.

Table 4.1: Overview of the dimensionless DLVO coefficients and their relative ratios for the sphere-sphere interaction.

Potential Term Coefficient Definition Relative Coefficients
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Figure 4.2: Schematic graph of the individual component of Equation (4.4) as functions of the dimensionless separation h’. The red dashed
curve represents y; = C/x, the green dashed curve yo = Da2e~*. The solid black curve (y3 = y1 + y2 — 1). In the graph:
B'/D' =10"%and C'/D’ = 2.9.

Analytical Derivations

It would be desirable if Equation (4.4) could be solved analytically. An analytical solution would allow for exact
identification of critical regions and thresholds in the behaviour of the system. It would also increase the generality
and applicability of the model across different physical systems.

At first inspection, however, Equation (4.4) does not have a straightforward analytical solution. Due to the non-
linear coupling between the polynomial and exponential terms. Yet, the first term rapidly approaches zero for
h' > 1, since the corresponding coefficient lies in the range B’/D’ € [10~?, 10~!] in the most system. The first
term can therefore be neglected, yielding the simplified form

0
B’ C" e W
77(h’)6 +ﬁ(h) e —1=0 (4.6)
Evaluating the second term of Equation (4.6) shows that it reaches its maximum at A’ = 2. This observation is
supported by Figure 4.2 where the components of Equation (4.4) are shown. Figure 4.2 shows that the first term
decays rapidly for A’ > 1 and the second term exhibits a clear maximum at b’ = 2.

Accordingly, the condition for the potential to exhibit three extrema rather than a single attractive minimum can
be expressed as:

g(h’)2 “h_1>0 4.7
o e . .
Substituting A’ = 2 into the expression and rearranging yields the condition C’ /D’ > €2 /4 ~ 1.85. In conclusion,
three extrema are present whenever this inequality is satisfied.

Limitations

Several limitations deserve consideration. First, the van der Waals contribution is expressed using a near-field
approximation, which becomes inaccurate at larger separations. This approximation tends to overestimate the
long-range attraction, effectively shifting the transition between repulsive and attractive behaviour toward smaller
distances.

In addition, the electrostatic interaction is described exclusively through the Linear Superposition Approximation
(LSA). Although the LSA provides reliable trends at moderate surface potentials and low ionic strength, it does
not span the complete range between the constant-charge and constant-potential boundary conditions observed
in practice. Real systems typically operate within this intermediate regime, where deviations from the LSA will
modify the interaction profile and consequently alter the dimensionless coefficient values.
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4.3. Sphere-Plate Analysis

The objective of this section is the same as in the sphere—sphere case: to obtain a general description of the three
regimes of the DLVO potential for a sphere—plate interaction. By applying a non-dimensionalisation procedure,
the number of independent control parameters is reduced. The derivation follows the same procedure, except that
the function used to find the extrema is more complex. After completing the derivation, a separate subsection
will outline the main differences between the sphere—sphere and sphere—plate interactions.

DLVO Potential

The total potential for the sphere-plate interaction is given as

AoS | Sa+h 6a — h
U(h) =
(h) =560 |@asry T 07 ]
kgT
+1287rn = ay1ys e (4.8)

K2
B Y
6 |h h+2a h+2a)]|"

All parameters are the same as in the sphere—sphere case. The only difference is that a now denotes the radius of
a single sphere. Since only one sphere is involved, no subscripts are needed. First, the near-field approximation
is considered, valid for h < a. Under this assumption, the interaction potential simplifies to
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This expression is identical to the sphere—sphere case.”Physically, this equivalence arises because, at very small
separations, the local geometry of the sphere-plate case is also indistinguishable from that of two flat plates
approaching one another. Consequently, the DLVO region plot in the near-field limit is the same for both sphere-
sphere and sphere-plate geometries.

To extend the analysis beyond the near-field limit, the full potential over all separations is taken. For readability,
the terms inside the square brackets of Eq. (4.8) are replaced by auxiliary functions that depend on the particle
radius and the wall separation, (a,h’). Writing the non-dimensional potential in terms of these functions gives

UL (1) = Bl f(a,l') + Cle™ — D g(a, b'). (4.10)

We define the auxiliary functions with their derivatives with respect to A/,
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Since we no longer invoke the near-field approximation, some geometric factors are captured explicitly by f
and g. This is seen because the function still depends on the particle radius a. For comparison purposes, the
following factors will be transferred from the function to the dimensionless coefficients, x° and ka in front of
their respective functions f(a, k') and g(a, h’) and their derivatives. Futhermore, in all the auxiliary functions it
can be seen that the particle radius is coupled with k. We expect to see the same function as long as the factor xa
is constant. The final expression of the auxiliary functions will be given as
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Table 4.2: Overview of the dimensionless DLVO coefficients and their relative ratios for the sphere-plater interaction.

Potential Term Coefficient Definition Relative Coefficients
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To avoid confusion, we distinguish the coefficients for the sphere-plate geometry from those of the sphere-sphere
case by the subscript (sp). With the auxiliary functions and the sphere—plate coefficients defined, the three DLVO
regions can be determined. As before, the derivative of the potential with respect to 4’ is taken and set equal to
zero. Dividing the resulting equation by Dy, ¢'(a, h') gives:
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This equation will be used to find the extrema and determine the transitions between the DLVO regimes. The
corresponding dimensionless prefactors and the relative dimensionless coefficients are given in Table 4.2.

The geometric prefactors are arranged such that the coefficient ratios can be compared directly to the sphere—
sphere formulation. The ratio C,/ Dy, is identical to C"/ D', meaning that the relative strength of the electrostatic
repulsion is unaffected by the change in interaction geometry. The ratio B,/ Dy ,, however, includes an additional
factor of 1/(ka) that originates from the geometry of the sphere—plate configuration. Consequently, the ratio
between the Debye length and the particle size is an additional prefactor for the aggregation behaviour.

4.4. Physical Interpretation of Dimensionless Coefficients

This chapter reduced the DLVO parameter space to two dimensionless coefficients, B’/ D’ and C’/D’, for both
the sphere—sphere interaction (near—field approximation) and the sphere—plate interaction. The purpose of this
section is to interpret these dimensionless groups and relate them to their physical meaning, providing intuition for
how they govern aggregation behaviour. The sphere—sphere case is discussed first, followed by the sphere—plate
interaction.

The coefficient C’/D’ represents the relative strength of the EDL repulsion compared with the van der Waals
attraction. As shown in Table 4.1, C’/D’ increases with the surface potentials v, and s, and decreases with
the Hamaker constant A. Small C’/D’ values correspond to a regime where van der Waals attraction dominates.
Particles then fall directly into the primary minimum. Increasing C’/D’ introduces a repulsive contribution,
allowing an energy barrier and a secondary minimum to form. At sufficiently large C’/D’, the repulsion exceeds
the attraction. Only a shallow secondary minimum remains, which promotes colloidal stability.

The coefficient B’/ D’ reflects the relative length of the EDL. It is proportional to the ratio of the Debye length
to the collision parameter. Small B’/ D’ values indicate a long Debye length. In that case, electrostatic repulsion
acts over larger separations, and even moderate C’/D’ values are sufficient to establish an energy barrier. As
B'/D’ increases, the Debye layer becomes shorter. Repulsion then acts only at small separations, and larger
values of C’ /D’ are required to counteract the attractive forces.

Sphere-Plate Interaction

For the sphere—plate interaction, the coefficients are similar to the sphere—sphere case, and therefore their physical
interpretation remains the same. The main difference lies in the additional factor (ka) appearing in B,/ D5,
Introducing an explicit dependence on the ratio between the particle radius a and the Debye length. However,
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the dominant contribution still arises from the ratio between the length of the EDL and the collision parameter
6
(ok)®.

Another advantage of using the dimensionless coefficients is that they are independent of the chosen energy nor-
malisation. While the dimensional coefficients B, C, and D depend on the specific energy normalization used,
the ratios B’/D’ and C’ /D’ remove this dependence through division. As a result, the interaction behaviour can
be compared across different systems without being affected by the absolute energy scale. This energy indepen-
dence highlights the generality of the framework and its applicability to a wide range of physical systems.

In the next section, results of the non-dimensionalisation will be presented and explained.



Classification of DLVO Regimes

This chapter presents results derived from the dimensionless formulation of the DLVO potential. Based on the
dimensionless coefficients, the three characteristic regions are identified. In addition, semi-stable regions are
introduced to further refine the classification of interaction regimes. Section 5.1 presents this approach for the
sphere—sphere geometry. Section 5.2 applies the same approach to the sphere—plate geometry.

5.1. Sphere-Sphere Interaction

To determine the ranges of the dimensionless coefficients, values reported in literature are used. Liu et al. [47]
reports surface potentials of approximately 70 mV for silica nanoparticles in dilute electrolyte solutions. The
combination of these measurements results in a Debye length that is much larger than the collision parameter.
This corresponds to B'/D’ = 107® and C’/D’ = 30, which define the lower and upper bounds for B’/ D’ and
C'/D’, respectively. The lower limit of C’/D’ is set to zero, representing the absence of a surface potential. In
molten salts, the Debye length is typically shorter than the ionic diameter (x < o), corresponding to B’ /D’ > 10°.
To improve visual clarity, the parameter space is restricted to the ranges listed in Table 5.1 without losing the
relevant interaction regimes.

The results of the sphere-sphere regime classification are shown in this section. This interaction is with the near-
field approximation h < a1,a2. Combinations of (B’/D’,C’/D’) that yield three solutions to the extrema
equation, and therefore three extrema in the potential, are classified as the Energy Barrier regime. To distinguish
between the regimes Only primary minimum and Only secondary minimum, an additional criterion is used. The
boundary between these regimes is defined as x,;, = o, meaning that the minimum must lie within the collision
length to be classified as aggregation.

Figure 5.1 shows the regions of the DLVO interaction potential in the (B’/D’, C'/D’) parameter space. The
colored regions indicate distinct interaction regimes. In the pink region (Only primary minimum), attractive van
der Waals forces dominate and particles aggregate irreversibly. In the blue region (Energy Barrier), the potential
contains both a primary and a secondary minimum, separated by an energy barrier that slows aggregation. In
the yellow region (Only secondary minimum), the repulsive double—layer interaction outweighs the attraction,
resulting in a shallow secondary minimum and stable colloidal dispersion. The boundaries mark where the number
and type of extrema in the DLVO potential change. Figure 5.4 also shows the predicted boundary between the
primary minimum and the energy barrier regime for C’/D’ = €2 /4 ~ 1.85, Equation (4.7).

Table 5.1: Parameter space explored for the non-dimensional interaction parameters B’ /D’ and C’ /D’. Where the minimum value of
B’ /D’ and the maximum value of C’ /D’ are from research performed by Liu et al. [47]. The maximum value for B’ /D’ is determined by
the MSR case.

Parameter Minimum Maximum

B'/D’ 109 103
c'/D’ 0 10

30
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Figure 5.1: Non-dimensional DLVO region plot in the (B’ /D’, C’/D’) plane. The boundaries separate the regimes where only a primary
minimum, only a secondary minimum, or both minima are present.

Extension of The Identified Regions

Describing the DLVO potential using only three distinct regions may not be sufficient. In certain cases, the
potential exhibits three extrema, yet the observed behaviour clearly indicates either rapid aggregation or a stable
suspension. These intermediate cases can be classified as semi-stable, where the number of extrema alone does
not fully capture the system dynamics.

Two characteristic scenarios can be distinguished. The first occurs when a primary minimum exists but remains
above the energy axis. In this case, aggregation into the primary minimum may still occur; however, because the
well is shallow, particles can escape when sufficient thermal energy is available. The system then relaxes into the
deeper and more favourable secondary minimum, corresponding to a stable configuration. Although the potential
formally contains two minima and an energy barrier, the effective behaviour is that of a stable dispersion with
only transient aggregation. For evaluating the depth and heigth of the primary well and the energy barrier, the
value of D’ is set to unity (D’ = 1).
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Figure 5.2: DLVO interaction map showing the height of the
primary minimum for varying (C'/D’) and (B'/D'"). The bold lines
mark the area where the primary minimum has a positive value.
Indicating a semi-stable area for clusters in favor of a stable
solution.

Figure 5.3: DLVO interaction map showing the height of the
energy barrier for varying (C'/D’) and (B'/D’). The bold lines mark
the area where the energy barrier has a negative value. Indicating a

semi-stable area for clusters in favor of aggregation.
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Figure 5.4: Non-dimensional DLVO region plot in the (B’ /D’, C’/D’) plane. The boundaries separate the regimes where only a primary
minimum, only a secondary minimum, or both minima are present.

The second scenario arises when the potential again contains three extrema, but the energy barrier between the
two minima lies below the energy axis. The barrier slows the aggregation minimally. Thus, the system behaves
as if only a single attractive minimum were present, leading to rapid aggregation. In this case, the formal structure
of the potential suggests multiple extrema, but its shape dictates unstable behaviour.

Figure 5.2 shows the DLVO regions in the (B’/D’, C'/D’) plane together with the height of the primary mini-
mum in units of k7. The shallow black lines mark transitions in DLVO regimes, separating the three regimes
identified earlier. The highlighted area enveloped in the thicker black lines, represent the combination for which
the primary minimum lies above the energy axis. Therefore, this regime can be labeled as semi-stable.

Figure 5.3 shows the DLVO regions in the (B’/D’, C'/D’) plane, together with the height of the energy barrier.
The colour scale is given in units of kg7". The solid black lines again mark the transitions in the number of
extrema, while the dashed contour indicates the zero-barrier level that separates stable from semi-stable regimes.

Including the semi-stable regimes refines the DLVO classification. Figure 5.1 shows the traditional region map,
while Figure 5.4 includes the semi-stable regimes in addition to the classical DLVO regions. This extended map
provides a clearer representation of the interaction regimes for the sphere-sphere case.

The agglomeration regime can be interpreted from Figure 5.4. In the transition region between the “Only primary
minimum” and “Only secondary minimum” domains, a minimum is present at a separation distance larger than
the collision parameter, x,;, > o. In this condition, particles experience a stable minimum slightly beyond one
particle spacing, leading to clusters of particles located close to one another without irreversible aggregation. The
area of the diagram near this boundary may therefore be classified as an agglomeration regime, although further
analysis is required to establish a precise quantitative condition.

It must be noted that the region map is obtained under the near-field approximation. This simplifies the derivation
and renders the region boundaries independent of particle size. The approximation is well justified at short
separations, but its accuracy decreases at larger particle distances.
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5.2. Sphere-Plate Interaction

The sphere—plate regime identification follows the same procedure as the sphere—sphere case. The difference
lies in the expression used to determine the extrema of the non-dimensional potential, which is given in Equa-
tion (4.12). This section focuses on the resulting DLVO region maps and their comparison with the sphere—sphere
case.

For this geometry, additional care is required. In contrast to the sphere—sphere formulation, the extremum con-
dition contains a dependence on both the inverse Debye length x and the particle radius a. At first inspection,
Equation (4.12) appears to contain three independent variables: B’/D’, k, and a. However, Table 4.2 shows that
B’/D’ is interdependent on x and a as well. Fixing the particle radius a and collision parameter o reduces the
system to two free variables B’/ D’ and k. Rearranging the definition of B’ /D’ yields the relation:

1, B’
K= ;{/210%5. (5.1)

This allows the computation of « for each value of B'/D’ This value is then substituted into Equation (4.12) to
determine the number and type of extrema and thus classify the interaction regime.

Figures 5.5a-5.5d show the resulting DLVO region maps for particle radii a € {1, 10, 100, 1000} nm. However,
a different criterion distinguishes the ”Only primary minimum” and the ”Only secondary minimum” regimes
(Zmin = 1.30). The boundary used for the sphere-sphere geometry resulted in misalignment of the regimes. The
shift of the boundary is likely related to the change in geometry. Further research is required to determine the
origin of this effect.

For large particle radii (Figure 5.5d), the structure of the regime map closely resembles that of the sphere—sphere
case. This behaviour is expected: as a increases, the sphere approaches a flat surface locally, and the interaction
converges towards a plate—plate limit. Consequently, for large radii, the sphere—plate geometry converges to the
near-field approximation used in the sphere—sphere analysis.

For smaller particles, the influence of geometry becomes more pronounced. The aggregation regime decreases
significantly at low values of B’/D’. Physically, the EDL becomes relatively larger in size. In this situation,
even a modest electrostatic repulsion (low C’/D’) can generate an energy barrier. As B’/D’ increases, the EDL
becomes shorter. The relative size of the particle then plays a smaller role in the interaction behaviour and the
aggregation regimes slowly grows larger.

In Figures 5.5a-5.5d, the boundary between the “Only secondary minimum” and “Only primary minimum”
regimes shows a slight irregularity. Increasing the resolution of the (B’/D’, C'/D’) grid does not remove this
effect. The origin of this irregularity requires further investigation.

Finally, the region maps show a horizontal shift towards lower B’/ D’ values with increasing particle radius. This
trend follows directly from the 1/(ka) term in the coefficient B’/ D’, which causes larger particles to experience
an effectively shorter Debye layer in non-dimensional space. Similar trends have also been reported by Lin and
Wiesner [46].

5.3. Molten Salt Reactor

In molten salt reactors, the high concentration of ions create an extremely high ionic strength environment. A high
ion concentration compresses the electric double layer, resulting in a very short Debye length and therefore large
values of the ratio B’/ D’, typically larger than 10°. From the DLVO regime maps for both sphere—sphere and
sphere—plate interactions, such large B’/ D’ values place the system entirely within the “Only primary minimum”’
regime. Under these conditions, electrostatic repulsion becomes negligible and particles are expected to aggregate
irreversibly.
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Figure 5.5: DLVO regime map for the sphere—plate interaction for different values of a. The green areas are the ”semi-stable” regimes. The
boundary between aggregation and stable dispersion is set to x,j, = 1.30 for better allignment. As a decreases, the “Only primary
minimum” region reduces, indicating slower aggregation behaviour. Physically the relative size of the EDL grows as the radius decreases.
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Principles of Molecular Dynamics

The other objective of this thesis is to link the non-dimensional DLVO framework to the aggregation dynamics
observed in the simulations. Molecular Dynamics (MD) and Coarse-Grained (CG) simulations are well suited for
this purpose. For meaningful results, it is essential that the simulations represent the correct particle interactions
and preserve physical quantities such as kinetic energy.

This chapter provides the theoretical foundation required for the simulation framework used in Part II of this
thesis. Section 6.1 introduces the principles of MD, including the force evaluation and numerical integration of
particle motion. Section 6.2 outlines the statistical ensembles commonly applied in MD and their implications
for conservation properties. Section 6.3 discusses the use of periodic boundary conditions to ensure physically
representative behaviour in finite systems. Finally, Section 6.4 introduces the concept of CG simulations.

6.1. Force Derivation and Atomic Motion

Molecular Dynamics (MD) simulations are a computational technique used to study the time evolution of inter-
acting particles based on classical mechanics. The fundamental idea is straightforward: given the initial positions
and velocities of all atoms, the interatomic forces are computed, and Newton’s equations of motion are integrated
in time to obtain new positions and velocities. Repeating this procedure over many simulation steps yields a
deterministic trajectory describing the microscopic motion of all particles in the system.

The dynamics of each atom are governed by Newton’s second law of motion [67]:

dzl‘i
miﬁ =Fi, (6.1)

where m; is the mass of particle 7, r; its position vector, and F; the total force acting on it. The force on each
particle is obtained from the negative gradient of the total potential energy U:

Fi:_vriU(rth?""rN)? (62)

where U represents the interatomic potential that describes the interactions between particles. The potential can
include pairwise terms (such as Lennard-Jones or DLVO) and many-body corrections, depending on the level of
detail in the model. Evaluating equations (6.1) and (6.2) updates the positions and velocities using the Velocity-
Verlet algorithm.

Velocity-Verlet Algorithm

The time integration of Eq. 6.1 is typically performed using the Velocity-Verlet algorithm, which offers both

numerical stability and good energy conservation. The update equations are given by:
ri(t+ At) = 1(t) + vi(t) At + La;(t) At* + O(AL),

(6.3)
vi(t+ At) = v;(t) + 5 [ai(t) + a; (t + At)] At + O(AP),
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where v; and a; denote the velocity and acceleration of particle ¢, respectively. The acceleration follows directly
from the computed force as a; = F;/m;. From Eq. 6.3, it follows that the local truncation error of the Velocity-
Verlet algorithm is of order O(At3), while the global truncation error accumulates as O(At?) [45].

The main advantages of the Velocity-Verlet algorithm are its time reversibility and phase-space conservation
(symplecticity). Time reversibility implies that if the sign of At is reversed, the integrator retraces the exact same
trajectory backwards in time. This property ensures that no systematic energy drift occurs due to directional
integration bias. Symplecticity means that the algorithm conserves the phase-space volume, in accordance with
Liouville’s theorem. In practice, this ensures that the geometric structure of the Hamiltonian system is preserved,
preventing artificial damping or amplification of energy during long trajectories.

Because the Velocity-Verlet algorithm is both symplectic and time-reversible, the total energy does not drift but
fluctuates around a constant mean value. These fluctuations remain bounded even over very long simulations,
which makes the method particularly suitable for microcanonical (NVE) simulations.

Additional benefits of the algorithm include its efficiency and compatibility with thermostats, in particular Ander-
sen. The scheme requires only a single force evaluation per timestep and minimal memory storage for positions,
velocities, and accelerations. This makes the Velocity-Verlet method computationally efficient while maintaining
high accuracy for small timesteps.

6.2. Statistical Ensembles

In Molecular Dynamics (MD), the concept of statistical ensembles defines how a system exchanges energy, vol-
ume, and particles with its surroundings. Each ensemble specifies which macroscopic quantities are conserved
and which are allowed to fluctuate. This section discusses the most fundamental ensemble, the Microcanoni-
cal ensemble (NVE), and the most commonly used, the Canonical ensemble (NVT). Finally, the ensemble most
suitable for the present system is evaluated.

Microcanonical Ensemble (NVE)
The NVE ensemble keeps the number of particles (), volume (V'), and total energy (£) constant. It represents
the most fundamental form of molecular dynamics and corresponds to a perfectly isolated system, where no
exchange of energy (heat or work) with the environment occurs. The total energy is composed of both kinetic
and potential contributions,

E=K+U, (6.4)

and remains constant in an ideal simulation with perfect numerical integration.

The NVE ensemble is often used for testing and validation, as it provides a direct measure of how well energy
is conserved by the chosen integration scheme. It is also valuable for studying the natural dynamics of a system
without the influence of thermostats or barostats. However, because the temperature is not explicitly controlled,
the kinetic energy of the system depends on the initialisation of the system. As a result, conservation of total
energy may lead to a system with a different kinetic energy than the one assigned at the start. Moreover, the NVE
ensemble does not represent realistic experimental conditions, where systems are typically in thermal contact
with their surroundings.

Canonical Ensemble (NVT)
The NVT ensemble keeps the number of particles (/V) and volume (V') constant while maintaining a fixed tem-
perature (1') by coupling the system to a heat bath or thermostat. This setup corresponds to most experimental
situations, where temperature is constant but energy can be exchanged with the environment. In this ensemble,
temperature is directly linked to the average kinetic energy of the system according to the equipartition theorem:
K= %kBTN per degree of freedom. (6.5)
For a system with purely translational motion in two dimensions, the total kinetic energy is K = kT N, while for
a three-dimensional system, K = %k T N. It is important to note that this relationship assumes that the degrees
of freedom are limited to translational velocities. In molecular systems, additional degrees of freedom, such as
vibrational and rotational motions, contribute to the total kinetic energy.

The NVT ensemble is most commonly used in MD simulations because it provides thermodynamic control while
allowing accurate sampling of equilibrium configurations. It offers a good compromise between physical realism,



6.3. Periodic Boundary Conditions 38

Fl r r )
5 5 » o}
- . ) “ O =S
0 0 o
277 B s = = n - H
2 o1 - O I o O
2 v 3 =% o
o %o o Vg -—-9 o Yo
n 0 O J d © © \|_! o O 0
0 R elg e \|Clo P
c o e o ) | o o
o e ol -
e - O & 1 \ ® [ o 0 n
o Ml ‘> 10 @ e R = 3
o o I SNe 47 | o o
| |
O - ® s 2
. i oo Yog oo kol ¥ 8 n
v o3 L 3 o 3"
o) ® (o) O O o O
° o - o - 0 28 o
o O o 0 O O
o O oW o © el = n O 04
:: o)
L v L]

Figure 6.1: A schematic representation of a 2D simulation cell with periodic boundary conditions at all sides. The minimal image
convention is represented as the dashed box around the black particle [62].

numerical stability, and computational efficiency.

To maintain a constant temperature, the system is coupled to a thermostat, which regulates the exchange of energy
between the system and the external heat bath. The principles and implementation of thermostats are explained
in the following section.

6.3. Periodic Boundary Conditions

To approximate an infinite system, periodic boundary conditions are applied. Figure 6.1 shows a simulation cell
with the periodic boundary conditions applied. In this approach, the simulation cell (cell with gray particles)
is surrounded by identical copies of itself in all spatial directions (cells with white particles. When a particle
crosses the boundary of the primary cell, it re-enters the domain from the opposite side with the same velocity.
This ensures continuity of both position and momentum across boundaries.

The periodic boundary condition also implies that a particle in the simulation cell near the boundary interacts
with both the real particles in the central cell and virtual particles in neighbor replicated cells. Hence, it may arise
that a certain particle and its replicated virtual particles in the ambient cells have to be considered as interacting
with the particle of interest. To prevent the particles from interacting with both the particle in the simulation cell
and its replicas in the virtual cells, a minimum image convention is applied [73]. This is illustrated in figure 6.1
as the dashed line box. Basically, an imaginary box with the same dimensions as the simulation cell is drawn
with the particle of interest centered inside. Then, only the particles inside this imaginary box are considered for
interaction.

The use of periodic boundary conditions allows a relatively small simulation cell to reproduce the behavior of a

bulk system very well. As a result, finite-size effects are minimized while computational cost remains manage-
able.

6.4. Coarse-Grained Molecular Dynamics
Selecting an appropriate simulation approach is not straightforward. Popular approaches are Molecular dynamics

(MD) and continuum dynamics. It will be briefly discussed what these techniques are with their benefits and
disadvantages.

Molecular dynamics is typically understood as modelling the motion of individual particles by solving Newton’s
laws of motion and, when relevant, Maxwell’s equations of electrodynamics. This approach has proven effective
for studying processes such as atomic diffusion, protein folding , and solid-liquid interface formation [30, 72].
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While MD provides detailed, physically consistent results, its computational cost increases rapidly with the num-
ber of particles in the system. Since the computational effort scales approximately with O(N?) for systems with
N interacting particles, atomistic simulations become impractical for systems exceeding a few thousand particles.

Continuum dynamics, in contrast, describes the motion of matter as a continuous medium rather than as a col-
lection of discrete particles. Instead of resolving individual atomic motions, continuum models treat physical
quantities such as velocity, temperature, and concentration as smoothly varying fields, governed by conservation
equations for mass, momentum, and energy. This approach is well suited for studying macroscopic transport
processes, including heat conduction, viscous flow, and diffusion, where microscopic fluctuations average out.
However, continuum simulations lose validity as the system size decreases. When the characteristic length scale
approaches the nanometer or even micrometer range, the atomic interactions start to dominate the system behav-
ior. In this work, the objective is to simulate the aggregation of nanoparticles, a process governed by interparticle
potentials and discrete collisions. It is therefore essential to employ a particle-based approach that explicitly
resolves these interactions rather than a continuum description.

Coarse-grained (CQG) simulations have therefore emerged as an alternative to model large and complex systems
efficiently. In this approach, groups of atoms are represented by single interaction sites, reducing the total number
of degrees of freedom. This allows for larger time steps and longer simulation times while preserving the essential
physical interactions. The resulting lower resolution makes CG simulations well suited for studying mesoscale
processes such as aggregation, diffusion, and sedimentation [36]. Still, the system computation power scales with
the amount of particles by O(N?) [31].

The system studied in this work lies between classical molecular dynamics and continuum dynamics. As intro-
duced in Chapter 1, the focus of this thesis is on the aggregation of SFPs clusters. These clusters are too large to
be treated effectively with fully atomistic simulations, yet too small for a continuum description. Coarse-grained
molecular dynamics provides the appropriate framework to bridge this intermediate regime and capture the es-
sential dynamics of NP aggregation.

Coarse-Grained Methodology

Coarse-grained (CG) simulations represent groups of atoms as single interaction sites, commonly referred to as
beads. Each bead acts as a point mass from which all interparticle forces originate and to which all interactions
are applied. Since a bead represents multiple atoms, its interactions cannot be obtained by simply multiplying
atomistic potentials by the number of atoms within the bead. The collective behaviour of atoms introduces non-
linear effects that modify the effective potential between coarse-grained sites.

To account for these effects, coarse-grained simulations rely on force-field optimization techniques. In this pro-
cess, the parameters, such as interaction strengths and equilibrium distances, are systematically adjusted to re-
produce properties obtained from simulations to match experimental data. Depending on the desired level of
accuracy, this optimization may involve fitting to structural quantities (e.g. radial distribution functions) or ther-
modynamic observables (e.g. density or surface tension). The resulting coarse-grained potential provides an
effective description at a reduced level of resolution.

Parameter Optimization

Another advantage of coarse-grained simulations (CGS) of ionic liquids is the ability to define bead groupings
such that each bead is electrically neutral. In our case, the eutectic IL LiCI-KCL is modelled. Here, an example
of a constructed bead is the combination of one potassium ion (K™), one lithium ion (Li*) and two chloride
ions (2C17). Almost mimicking the partial concentration of the eutectic liquid. As the bead represents more
particles, the true concentration can be approached. The resulting bead inherits the combined mass and interaction
characteristics of both ions, while their opposite charges cancel out.

The primary benefit of defining electrically neutral beads is that the Coulomb potential does not need to be evalu-
ated. The Coulomb interaction is long-ranged and computationally expensive, since it decays slowly with distance
and typically requires additional summation techniques. However, this simplification also removes ion—ion elec-
trostatic interactions, which may reduce the physical accuracy of the simulation. In conclusion, representing
the ionic liquid with charge-neutral coarse-grained beads increases efficiency without sacrificing the essential
structural and dynamical properties of the system.

The eutectic IL LiCI-KCL is modelled using a Lennard—Jones (LJ) potential. The potential describes the pairwise
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interaction between two coarse-grained beads as

Vis(r) = decg {(”;9)12 - (”9)6} : (6.6)

r

where r is the center-to-center distance between two beads, and the parameters o; and ¢; represent the effective
distance and energy scales of interaction for bead type i. These parameters are optimized to reproduce relevant
experimental data, such as density, viscosity, and radial distribution functions, ensuring that the coarse-grained
model accurately captures the structural and thermodynamic properties of the ionic liquid.



Methodology

Chapter 7 describes the methodology for the coarse-grained molecular dynamics simulations. The aim is to outline
all steps and assumptions such that the simulations can be reproduced in future work. Section 7.1 introduces the
computational framework. The procedure used to determine bead size and the mapping from atomistic to coarse-
grained representations is shown in Section 7.2, followed by an overview of the interaction potentials that govern
the particle dynamics in Section 7.3. Section 7.4 describes the simulation setup, covering system initialisation
and thermostat configuration. Section 7.5 covers the simulation model. The chapter concludes with the post-
processing tools used to analyse and visualise aggregation behaviour in Section 7.6.

7.1. Simulation Framework

All simulations in this study are performed using Julia v1.10 in combination with the Molly.jl molecular dynam-
ics (MD) library. Julia is a high-level programming language designed for numerical and scientific computing.
It employs a just-in-time (JIT) compiler and a type inference system, providing computational efficiency compa-
rable to statically compiled languages such as C. Krishna et al. [41] even showed that Julia outperforms C and
python on matrix multiplications and solving the heat equation. Julia also supports GPU computing, enabling
computational acceleration. In addition, Julia supports parallel execution across multiple CPU cores and nodes,
allowing scaling for large MD systems.

The choice for Julia is motivated by its computational speed and its use within the Reactor Physics and Nuclear
Materials group. As mentioned earlier, this research is part of a broader PhD project aimed at simulating the life
cycle of SFP NP in molten salt systems. The larger research framework couples these microscopic simulations
to continuum scale CFD models in a Julia environment.

Alternative frameworks, such as the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS),
were also considered. LAMMPS is a well-established and validated MD package, particularly suited for large-
scale atomistic simulations. However, its input-output structure and limited interoperability with Julia-based
projects make it less favorable for the present objective.

7.2. Atomic Density of Molybdenum Clusters

Studies on noble metal fission product deposition in molten salt reactors have shown that the resulting NPs typ-
ically range in size between 10 nm and 200 nm [19]. Although these dimensions may appear modest, they are
already considerable for molecular dynamics simulations, where computational cost increases rapidly with system
size.

The atomic number density n of a material can be derived from its mass density p, molar mass M, and Avogadro’s
number N 4 as follows:
pNa
n=-—. 7.1
e (7.1)
Depending on the dimensions of the system, the corresponding cluster volume (or area in the case of two-
dimensional clusters) can be used to estimate the number of atoms required to represent the NP. The calculated
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values for both two-dimensional and three-dimensional molybdenum clusters are summarized in Table 7.1.

Table 7.1: Comparison of the number of atoms in molybdenum clusters for two and three dimensions.

Dimensions Radius » (nm) Volume/Area Atomic densityn  Atoms [NV

1 3.14 nm? 16 atoms/nm? 50
2D 10 314.15 nm? 16 atoms/nm? 5026
100 31415.9 nm? 16 atoms/nm? 502654
1 4.19 nm? 64 atoms/nm?> 268
3D 10 4188.79 nm?® 64 atoms/nm? 268 082
100 4188790 nm?> 64 atoms/nm?> 268 879 360

The number of atoms needed for a specific cluster size in two and three dimensions is directly related to the
computational cost of MD simulations. The simulations in this research

7.3. Simulation Method

This section describes the numerical framework used to simulate the aggregation behaviour of NPs under DLVO-
driven interactions. The methodology follows directly from the theoretical developments in Chapters 3 and 4 and
is designed to operate within the same dimensionless parameter space. All simulation components are introduced,
including the formulation of the interparticle potential, the numerical integration scheme, the thermostat used for
temperature control to achieve a physically representative environment. The goal of this section is to provide a
clear overview of the full simulation configuration.

7.3.1. Interaction Potentials
In Chapter 3, it was shown that the choice of interaction potential strongly influences the behaviour observed in
MD simulations. The accuracy and validity of the results therefore depend on selecting the appropriate potentials.

A system containing NNV distinct particle types requires a total of vazl 1 unique pairwise interactions. The system
includes two particle types: molybdenum clusters and ionic-liquid beads. Accordingly, three interactions must
be specified, as summarised in Table 7.2. The cluster—cluster interactions are governed by the DLVO potential
presented earlier in this thesis. The ionic-liquid beads interact via a Lennard—Jones potential using coarse-grained
parameters. Finally, the cluster—ion interactions are also described by a Lennard—Jones form.

Table 7.2: Overview of interaction types and corresponding potential models used in the simulation.

Interaction Type Physical Meaning Potential Model

Mo—-Mo Solid—solid Cluster interaction DLVO

Bead—Bead Liquid-liquid Solvent structure Coarse-grained LJ (neutral bead)
Mo—Bead Solid-liquid ~ Wetting Cross LJ or fitted potential

Metallic clusters

In the previous chapters, it was shown that the strong electrostatic screening in molten salt reactors results in
extremely short Debye lengths, often comparable to or smaller than the ionic diameter. Combined with the
relatively low surface potentials expected for solid fission products, the DLVO interaction in MSR conditions
reduces effectively to a Lennard—Jones—type potential. For the purpose of this study, the molten salt and NP
interactions are explored across the full DLVO parameter space. This allows the qualitative relation between the
non-dimensional stability framework and the resulting aggregation kinetics to be established. Subsequently, the
outcomes are interpreted in the context of MSR-relevant conditions. This section describes how the potential is
implemented within the framework developed in the preceding part.

In Chapter 4, the dimensionless form of the DLVO potential is derived and shown in Equation (4.2). To remain
consistent with that framework, the equation is reformulated such that coefficients B’/D’ and C’/D’ appear
explicitly. This representation allows for a direct comparison between regimes and the simulation results.
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The DLVO potential used in the simulations is expressed as:

B1 C , 1
U =D (Gt e )
1 A a1a9

:gﬂk/’BT ay + ao ’

with
(7.2)
Dl

From the dimensionless DLVO potential plots, the expected interaction behaviour can be directly inferred by
substituting the coefficients B’/D’" and C’/D’. The prefactor D’ acts solely as an amplitude scaling factor and
does not alter the shape of the potential.

Ionic liquid beads

At present, no specific coarse-grained force field has been established for the chosen ionic liquid system, and the
corresponding potential parameters are not yet available from literature. Therefore, the simulation framework is
initialized using the LJ parameters of Equation (6.6).

Interaction Potential Between Metallic Clusters and Neutral Beads
When defining interactions between different particles, combination rules are required to determine the cross-
interaction parameters. The most commonly used are the Lorentz—Berthelot combining rules:

w, €ij = \/€ii€jj- (73)
where the effective interaction distance o;; is taken as the arithmetic mean and the interaction strength ¢;; as
the geometric mean of the corresponding single components [78]. Subscripts ¢ and j are used to indicate the
different interaction atoms. The DLV O potential used for metal-metal interactions does not readily provide direct
analogues of opryo and epryo. This absence complicates the application of Lorentz—Berthelot mixing rules for
the cross interaction. Therefore, in this work we adopt the same Lennard—Jones form used for the neutral ionic
beads to model the metal-bead interaction.

045 =

7.3.2. Reproducibility

Reliable reproducibility of simulation results requires strict control over the system initialization. To ensure that
identical simulations can be recreated, each stochastic component of the model is initialized using a predefined
random number seed. The random seed determines the sequence of random numbers used to generate the initial
velocities and to evaluate collision events in the thermostat. By fixing this value, all subsequent random operations
become fully deterministic, allowing the simulation to be repeated exactly.

Initialization

Since the DLVO-potential blows up for small distances, it is important not to initialize the particles on top of each
other. The particles are initialized a minimum distance away from each other to prevent the energies from blowing
up. The velocities are initialized according to the Maxwell-Boltzmann distribution. The reason is that at thermal
equilibrium, the velocities of the particles are distributed accordingly. The one-dimensional Maxwell-Boltzmann

distribution is given by:
F(v) m_ . mv” (7.4)
V) = X — . .
mkgT P\ 2%kpT

This function represents the form of a Gaussian. The factor in front of the Gaussian makes sure the area under the
equation is equal to one, representation a true probability distribution. The velocity vectors for higher dimensions
are constructed by taking the velocity from the one-dimensional distribution for each axis.

Andersen Thermostat
The Andersen thermostat is a stochastic method for sampling the canonical (NVT) ensemble in molecular dy-
namics simulations. At each time step of duration At, every particle undergoes a virtual collision with an external

heat bath with probability

A
p= 2t (7.5)

T
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where 7 is the characteristic collision time. When a collision is triggered, the particle velocity is reassigned from
a Maxwell-Boltzmann distribution at the target temperature 7". Through these re-sampling events, the Andersen
thermostat enforces the correct kinetic energy distribution and ensures proper NV'T" ensemble statistics.

The choice of 7 strongly affects the simulation dynamics. Small values of 7 (frequent collisions) yield rapid
thermalization but may disrupt dynamical correlations. Whereas larger 7 values conserve trajectories better but
require longer equilibrium times.

The Andersen thermostat is a widely used choice for molecular dynamics simulations due to its straightforward
implementation and accurate sampling of the canonical ensemble [43]. However, its stochastic velocity reassign-
ment can disrupt dynamical correlations. Transport properties may be suppressed because velocities are reset
randomly. This limitation could be particularly inconvenient for aggregation kinetics, where particles approach
each other gradually before forming larger clusters. In such cases, a sudden velocity reassignment may redirect
a particle away from the interaction partner, thereby interrupting the natural aggregation process and modifying
the underlying dynamics.

7.4. Simulation Model

In the model, particles are represented as clusters with a predefined fixed radius. Aggregation occurs when the
centre-to-centre interaction potential between two clusters reaches the primary minimum of the DLVO curve.
The total interaction potential of a cluster is obtained by superimposing the DLVO potentials of the individual
particles that form the cluster. This modelling choice requires minimal bookkeeping during aggregation and is
straightforward to implement.

However, this representation introduces two deviations from physical behaviour. First, the superposition of mul-
tiple pairwise potentials amplifies both attractive and repulsive interactions. As a result, the energy barrier and
the depths of the primary and secondary minima no longer correspond to theoretical DLVO predictions, and the
aggregation behaviour becomes artificially strengthened. Second, the predefined cluster radius does not reflect
the actual size of a growing aggregate. If realistic radii are used, particles located near the surface of a composite
cluster may lie outside the repulsive barrier, preventing further aggregation. To prevent premature termination
of aggregation, clusters in the model are assigned smaller radii. This ensures that the primary minimum remains
dominant over the repulsive barrier, but it also means that the final aggregate size is not physically meaningful.

The model therefore enables efficient simulation of aggregation trends but does not preserve a physical corre-
spondence between cluster size, interaction potential and geometric configuration.

The simulation is performed in non-dimensional units. Using reduced units minimises rounding errors during
integration. The non-dimensionalisation applied in this research is summarised in Table 7.3.

Table 7.3: Reduced unit system for MD simulations.

Physical quantity Symbol Scaling constant Reduced form

Length r o =z
* _ _U
Energy U kpTy U =15
Mass m mo m* = -
0
Temperature T Th T = Tlo
: 2 * t
Time t Vmoo?/kgTy t* = Nore=yre
Density p o3 p* = po
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Model Flow Chart

Initialise

< Every n' step

Simulate

Figure 7.1: Flowchart of the molecular dynamics aggregation simulation, showing initialization, force evaluation, integration, thermostat
coupling, neighbor list update, and logging.

7.5. Post-Processing Analysis

To effectively post-process the data and obtain insight into the dynamics of the simulation, it is essential that the
relevant quantities are stored during runtime. This is achieved through a set of predefined loggers that record spe-
cific properties of the system at selected time intervals. These loggers, listed in Table 7.4, provide the foundation
for subsequent analyses, such as energy conservation and cluster growth evaluation.

Table 7.4: Overview of the predefined loggers used during the simulations and the corresponding recorded quantities.

Logger Recorded Quantity
System Static properties of all atoms, including identifiers, types, and attributes
Coordinates Position vectors of all particles at each sampled step

Kinetic energy Instantaneous kinetic energy of the system
Potential energy  Interaction energy derived from the DLVO potential
Total energy Sum of kinetic and potential energy at each sampled step

Each simulation typically consists of several thousand integration steps. Storing the full dataset for every step
would be computationally expensive and, in most cases, unnecessary. Therefore, a sampling scale n is intro-
duced, which determines that the predefined quantities are recorded every n™ simulation step. This approach
significantly reduces storage requirements while retaining sufficient temporal resolution to analyze the relevant
physical processes.
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Average Cluster Size

To quantify the aggregation dynamics, the average nanoparticle size was evaluated as a function of time. A
nanoparticle is defined as a set of molybdenum clusters that are within a cutoff distance and are connected through
at least one neighboring atom. It can occur the two clusters are in the same nanoparticle while the distance between
the cluster is larger than the cutoff distance. These clusters are connected by at least one cluster.

For each recorded frame ¢, the size of every cluster n;(t) was determined, and the average cluster size is computed

as
Ne(t)

1
N(t)) = ——= i(t 7.6
VO = 5 2 ) (76)
=1
where N.(t) denotes the total number of clusters at time ¢. (N (¢)) denotes the average amount of atoms in a
cluster. The resulting time-dependent average (N (¢)) provides a direct measure of the aggregation rate.

Cluster Growth Function

To provide a more intuitive representation of cluster growth, the number of atoms in a cluster is converted to
an equivalent cluster radius. This radius is obtained by dividing the total atoms by to the two-dimensional area
density of molybdenum. The equation is taken from Table 7.1 (R = \/N/mnap). Due to the finite dimensions
of the system, the clusters grow until they reach a steady-state configuration, or alternatively, merge into a single
large aggregate. In both cases, the cluster size will reach an equilibrium for long simulation times. Therefore, the
time evolution of the average cluster size is expected to follow an exponential trend approaching an asymptote.
The rate at which this curve rises provides insight into the aggregation kinetics of the system.

To describe this behavior, the following expression is fitted to the simulation data:

t

Ruy(t) = Roo — ke tasg (7.7)

where the parameters R, k, and t,4, are determined by a least-squares fit. The parameter #,5, represents the
characteristic time for the system to reach its equilibrium. r., denotes the steady-state average cluster radius
reached for ¢ — oco. The amplitude £ defines the difference between the initial and final cluster radii. At¢ = 0,
the average cluster radius is therefore given by

Ravg(t =0) = Reo — k = Rinit, (7.8)

where Rjni corresponds to the initialisation radius of the clusters. Figure 7.2 gives a schematic representation for
different characteristic times 4.

Ry 10

Rinit 4

Figure 7.2: Illustration of the exponential cluster growth model showing the evolution of the average cluster radius (R) toward its
steady-state value R for different aggregation rates tage. The amplitude k = Roo — Rini; represents the total growth in average cluster
size.

Overfitting
Having three adjustable parameters in the fitting model increases the risk of overfitting. To minimize this effect,
the value of R, was fixed to the average cluster size at the end of the simulation, while the initial cluster size
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R+ was directly obtained from the first simulation frame. The prefactor £ was consequently defined as k =
R — Rinit, leaving the aggregation rate ¢,4, as the only free fitting parameter. Appendix C.1 compares two fits:
one using all three parameters as adjustable variables and one where only t,, is fitted. Although the simplified
model provides a slightly less accurate fit, it avoids overfitting and ensures that the extracted parameters remain
physically meaningful.

Statistical Analysis

To quantify the variability in aggregation behaviour, each unique combination of B’ /D" and C’ / D’ was simulated
n times under identical conditions but different position and velocity initialisations. For every simulation, the time
evolution of the average radius was fitted to the exponential model described in Section 7.5, yielding independent
estimates for the characteristic aggregation time 4, and the steady-state cluster radius R,. To gain insight in the
mean and the spread of these values, the mean, standard deviation and the coefficient of variation are introduced.
For each parameter pair, the mean value ;(x) and the standard deviation o4:4(x) of a stochastic variable (z) were
determined across the n repetitions:

W)= 23w o) = | —— S - 22, (7.9)

=1 =1

where z; denotes the fitted value (either ?,4, ; or R ;) obtained from simulation 7. The standard deviation is
indicated by its subscript std, to avoid confusion with the similar collision parameter o. The mean represents the
expected value of the stochastic variable, while the standard deviation quantifies the variability or the spread of
the variable.

The coefficient of variation is used to compare the standard deviation of multiple datasets with their own proba-
bility densities. It is defined as
Ostd (x )
p(z)
The coefficient of variation non-dimensionalises the dispersion, allowing distributions with different magnitudes
to be compared directly. Low values (C'V' < 0.1) indicate that the data show little variability, whereas CV > 0.5
reflects large fluctuations relative to the mean. The CV is able to capture the relative dispersion of datasets with
different units or vastly different means.

CV(x) =

(7.10)



Results

This chapter presents the results of the coarse-grained simulations. Section 8.1 validates the simulation setup.
Section 8.2 evaluates the performed parameter sweep of dimensionless coefficients. Relating the framework to
aggregation kinetics, specifically aggregation time and final cluster size. Finally, the chapter concludes with an
assessment of the variability in the results to evaluate the consistency of the simulations.

8.1. Model Validation

Validation of the simulation approach starts with the Molly. j1 package. It is benchmarked using an argon gas
system to verify the numerical integration and interaction forces. The benchmark behaves as expected, and the
results are presented in Appendix D.

Next, a CG simulation is performed to verify the following aspects: that the molybdenum clusters interact ac-
cording to the DLVO potential, and that the thermostat correctly controls the simulation temperature. A smaller
simulation domain is used to improve visual clarity.

Molybdenum clusters with a radius of 1 nm are placed in a two-dimensional domain. From Table 7.1, a cluster
of this size contains approximately 50 atoms, corresponding to a total mass of my, = 7.97 x 10724 kg. This
mass is assigned as the reference mass mg. To preserve the physical density of the molten salt, each ionic liquid
bead is assigned a mass of mpeyq = 1.14 X 10—24 kg.

The coarse-grained Lennard—Jones parameters .4 and o, are selected based on the radial distribution functions
for different e.4. The value with the radial distribution function most corresponding of a liquid is chosen. The
parameters used in this validation simulation are summarised in Table 8.1.

Table 8.1: Simulation parameters for the two-dimensional molybdenum cluster aggregation at Ty = 773 K.

Variables Description Value Unit
B'/D’ Size of EDL 1077 -
c'/D’ Strength of EDL 4 -
D’ DLVO scaling constant 1 -
To Temperature 773 K
MMo Mass of a single molybdenum cluster  7.97-10724 kg
Mbead Mass of a ionic liquid bead 1.14-107%* kg
Nmo Number of Mo clusters 30 -
Npeads Number of ionic beads 69 -
Ecg Interaction strength 1.26-10720 J
Ocg Effective bead-bead interaction 0.4-107° m
Ly, L, Dimensions 7-107° m

48
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Figure 8.1: Stability map of the normalized DLVO potential. (Left) Regimes of primary and secondary minima as a function of the
non-dimensional parameters B’ /D’ and C’/D’, indicating semi-stable and unstable regions. The red marker denotes the parameter
combination used in the simulation. (Right) Corresponding normalized DLVO potential U’ as a function of the dimensionless separation
distance o, showing both primary and secondary minima.

Figure 8.1 shows the dimensionless coefficients used in the first simulation. The left figure highlights the selected
values of B’/D’ and C'/D’, which correspond to the parameter set in Table 8.1. The right figure displays the
resulting DLVO potential. It shows both a primary and a secondary minimum, located at approximately r ~ 0.58c
and r ~ 220, respectively. Both minima are expected to be observable in the simulation.

Figure 8.2 shows a snapshot of the simulation. The molybdenum clusters are coloured purple, while the molten
salt beads are coloured green. After reaching a stable configuration, most clusters have merged into larger ag-
gregates. These aggregates are hereafter referred to as nanoparticles (NPs) to distinguish them from the initial
individual clusters. The resulting structure matches the predicted DLVO interaction: within each NP, clusters
are separated by approximately  ~ 0.60, while the spacing between NPs is much larger. Based on Figure 8.2,
this spacing is roughly » ~ 100, which is shorter than the potential prediction. This deviation is caused by the
periodic boundary conditions, where the NPs interact across the domain boundaries and are effectively pushed
closer together.

Figure 8.3 shows the evolution of the kinetic, potential and total energy during the simulation. The kinetic energy
converges towards the theoretical value (K) = NkgT, consistent with statistical mechanics. The potential
energy decreases as the system relaxes toward equilibrium. This confirms that the Andersen thermostat maintains
the desired temperature throughout the simulation.
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Figure 8.2: Snapshot of the simulated two-dimensional
molybdenum cluster in molten salt.

Figure 8.3: Evolution of the potential, kinetic, and total energy,
confirming proper temperature control by the Andersen
thermostat.
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8.2. Parameter Sweep

To investigate the influence of the dimensionless coefficients B’/ D’ and C’/D’ on aggregation behaviour and
NPgrowth, coarse-grained molecular dynamics simulations are performed for different combinations of the di-
mensionless coefficients. The selected values are presented in Table 8.2.

Table 8.2: Simulated values of the non-dimensional DLVO coefficients.

Dimensionless coefficient Values used in simulations

B'/D’ [107°, 1077, 107°, 1073, 107!, 10]
C'/D' [0, 2, 4, 6, 8, 10]

The selected combinations of B’/D’ and C’/D’ span the relevant regimes identified in Chapter 4. Parameter
pairs that fall inside the ”Only secondary minimum” region were intentionally excluded. In this regime, particles
remain trapped in the secondary minimum and no aggregation behaviour is expected. Therefor, no characteristic
aggregation time can be observed. Omitting these cases also reduces the total required simulation time.

All simulations were performed in a two-dimensional system under identical thermodynamic conditions. Only
the size of the system is changed. These changed vairables are listed in Table 8.3. Each parameter configuration
was repeated ten times to obtain statistically reliable averages.

Table 8.3: Simulation parameters for the two-dimensional molybdenum cluster aggregation at Ty = 773 K.

Variables Description Value Unit
Numo Number of Mo clusters 210 -
Npeads Number of ionic beads 700 -
L., L, Dimensions 20-107° m

From these simulations, the influence of B’/ D’ and C’ /D’ on aggregation behaviour is quantified by tracking the
time evolution of the NPradius. The resulting growth curves are analysed in post-processing and fitted using the
exponential growth model introduced in Section 7.5. For each unique parameter combination, four quantities are
extracted: the aggregation time and the final NP radius, together with their corresponding coefficient of variances.
These quantities are visualised to reveal the dependence and robustness of aggregation time and final particle size
on the dimensionless DLVO coefficients.

Part of the results of the parameter sweep are shown in Figure 8.4. Each subplot displays the time evolution of
the average NP radius for one value of B’/D’ and different values of C’/D’. Every coloured line corresponds
to an individual simulation, whereas the black dots represents the mean over ten repetitions. An exponential
growth behaviour is observed, after which the average radius reaches a steady value. In some runs, the simulation
terminates prematurely. This occurs most often at the beginning of the simulation and is independent of the chosen
timestep, suggesting that the initialisation is the cause for the diverging energies.

Figure 8.5 summarises the resulting steady-state cluster radius for all simulated parameter combinations. Two
trends emerge clearly. First, increasing C’ /D’ leads to a reduction in the final cluster size. Since C’/D’ expresses
the relative strength of EDL, it follows that higher values suppress aggregation and limit cluster growth. Second,
increasing B’/ D’ also decreases the final radius. This is remarkable as higher B’ /D’ corresponds to a shorter
Debye length, reducing the range of electrostatic repulsion. So it could be expected that a shorter EDL promotes
the aggregation. However, increasing the value of B’/ D’ also corresponds to weakening the depth of the primary
minimum, as shown earlier in Figure 5.4. Consequently, aggregation becomes less favourable and smaller final
clusters are obtained. The standard deviation of the final cluster size is indicated by the error-bars and shows an
expected trend. The standard deviation reduces as the final cluster size is reduced as well.

In summary, the largest clusters form in the regime where the DLVO potential contains only a primary minimum
(low B’/D’ and low C’/D’), whereas increasing either parameter reduces the final cluster radius.

Figure 8.6 presents the aggregation time for all simulated combinations of the dimensionless coefficients. The
simulation did not converge for (B’/D’, C'/D') = (1077, 8), and the case (1077, 8) resulted in an aggregation
time exceeding the plotted axis range (above 10?), and was therefore omitted for clarity.
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Figure 8.4: Evolution of the average NPradius over time for the coefficient set B’/ D’ = 10~ and varying values of
C'/D’ €0, 2, 4, 6, 8, 10]. Each coloured trace represents an independent simulation run, while the black dots indicates the mean radius
across ten repetitions. Increasing C’ /D’ increases the electric repulsion, slowing down the aggregation.
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Figure 8.5: Final cluster radius as a function of C’ /D’ and for different values of B’ /D’. Error bars represent the standard deviation.

There are missing values for the combination (B’/D’,C’/D’) =

(1077,8)
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Figure 8.6: Aggregation time as a function of C’ /D’ and for different values of B’/ D’. Error bars represent the standard deviation. There
are missing values for the combinations (B’/D’,C' /D) = (10~7,8) & (1075, 8)

The results show that variations in C’/D’ have only a minor influence on the aggregation time. In contrast,
increasing B’/ D’ consistently leads to longer aggregation times. Since B’/ D’ reflects the relative thickness of the
Debye layer (shorter Debye length at higher B’ /D"), higher values also reduce the depth of the primary minimum
and decrease the overall magnitude of the interaction potential between the molybdenum cluster. As a result, the
driving force for aggregation is weakened, slowing down the rate at which the system reaches its equilibrium
cluster size. Thus, larger B’/ D’ values correspond to slower aggregation kinetics and longer relaxation times.

The objective of the simulations was to quantify how the dimensionless coefficients B’ /D’ and C’ /D’ influence
the aggregation kinetics. To complement the time—series results, the aggregation time (¢,4.), final cluster radius,
and their corresponding coefficients of variation (CV) are visualised as a heatmap with the same axis as the region
maps from Chapter 5. These results are presented in Figures 8.7-8.10. In these figures, missing data points are
shown in grey.

Figure 8.9 shows that combinations of B’/ D’ and C’ / D’ located within or near or in the semi-stable region (where
a stable secondary minimum is expected) result in a final cluster size of approximately one particle, R, = 1.
This indicates that no aggregation occurs, consistent with the predicted behaviour of a stable suspension.

Figures 8.8 and 8.10 present the coefficient of variation (CV) for t,4, and the final cluster radius, respectively.
The CV normalises the variance by the mean of each distribution, allowing comparison between simulations with
different absolute scales. For the majority of the parameter space, the CV remains low (CV < 0.2), indicating
that the aggregation behaviour is reproducible and even predictable. Higher values of CV (¢, ) occur only near
the transition to the “Only secondary minimum” regime. In these cases, the initial cluster size is already close to
the equilibrium size, producing nearly flat curves. The exponential fit used to extract ¢,4; becomes ill-defined,
resulting in unstable fitted values and an high CV.

Remarks

The simulations demonstrate a quantitative relation between the non-dimensional DLVO coefficients and the
aggregation kinetics in colloidal systems. However, some considerations are necessary when interpreting these
results.

Each parameter combination was simulated ten times to extract general trends and quantify variability. On av-
erage, approximately 25% of the runs were not completed due to diverging energies during the first timesteps.
This is likely caused by unfavourable particle placement at initialisation, generating excessively large forces. As
a result, the mean and standard deviation are based on roughly 7-8 successful repetitions per parameter set, which
may reduce the statistical robustness of the reported averages.

Furthermore, all simulations were performed using a fixed value of the coefficient D’. In practise, however, D’
is not independent of the ratio B’/D’. Using the expressions
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concluding that D’ increases with increasing B’/D’. In the simulations presented in this work, D’ was inten-
tionally kept constant to isolate the effect of the dimensionless coefficients. This simplification introduces an
reduction in amplitude of the DLVO potential for high values of B’/D. Figure 8.11 illustrates this behaviour.
For a fixed value of C'/D’ = 8, the potentials associated with low B’/D’ (black) exhibit a deeper primary min-
imum, whereas the potentials at high B’/D’ (red) are considerably weakened. This reduction in amplitude is
consistent with the longer aggregation times observed in Figure 8.7.

Figure 8.12 shows the DLVO potential when D’ is recalculated for each value of B’/ D’ according to Equation 8.2.
In this case, the potentials remain of comparable magnitude and follow the expected van der Waals attraction.
For large B’/ D’, the resulting curve approaches a Lennard-Jones shaped potential again, consistent with systems
where the Debye length is short and earlier claims. This behaviour confirms that short electrostatic screening
lengths inherently promote aggregation. It is highly advised to implement Equation 8.2 in the simulations to see
the effect on the characterstic aggregation time.

Additionally, the exponential function used to extract the aggregation time may not be the optimal representation
for all parameter combinations. Figure 8.13 shows that for low values of B’/ D’ the radius growth curve follows
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in amplitude can be seen for rising values of B /D’. B’ /D’ followig Equation (8.2).

an exponential trend, whereas for larger B’/ D’ the behaviour becomes increasingly linear. In such cases, either a
stretched exponential or a linear model may provide a more accurate representation of the aggregation dynamics.

8.2.1. Application to MSRs
With several assumptions, the ratio B’ /D’ can be estimated for the MSR case study. The required inputs are the
ionic strength, the operating temperature range, and the dielectric permittivity.

The molten salt used in this work is the eutectic LiCI-KCl mixture. Based on its composition, the ionic strength
is calculated as I = 13.29 mol L™*. The full derivation is provided in Appendix A. The dielectric permittivity of
molten salts is less well defined. Solid alkali chlorides typically exhibit values near € = 10, while molten salts
can have much lower values due to reduced ion polarizability. Reported values include € ~ 2. In this work, a
representative intermediate value of € = 5 is used [21].

Using these material parameters and a realistic MSR operating range, from the eutectic melting point Tic1; =
626 K to an upper bound of Typper = 1373 K, the resulting dimensionless ratios fall within

!/

% € (2.43-10° 25.6 - 10°). (8.3)
These values lie deep within the primary minimum regime, where irreversible aggregation occurs. In this regime,
Figure 8.12 shows that the DLVO potential reduces to a shape comparable to a Lennard-Jones potential. The
simulations confirm that in this regime aggregation always occurs. However, the aggregation time depends on
the magnitude of the attractive potential, which is captured in the coefficient D’. This work can estimate certain
aggregation times based on this coefficient. However, additional simulations should be computed mimicking
the molybdenum concentration in the MSR. To make a valid prediction on aggregation rates in a MSR, first the
dependency on the concentration should be explored.

However, using this research, several conclusions can also be drawn for the case of a MSR. Due to the position
of the MSR deep in the primary minimum regime, it can be concluded that the surface charge present on particles
is insufficient to create an energy barrier. This also implies that the specific molten salt composition has limited
influence on aggregation behaviour. Changes in ion polarizability (the Hofmeister effect) affect aggregation
only near the energy-barrier regime, which is not the case here. Therefore, future modelling can represent the
interaction using a classical Lennard—Jones potential without loss of physical relevance.

A more promising research direction is the application of these results to sedimentation control. The sphere—plate
potential could be used to estimate the required separation distance for NP deposition on reactor surfaces. Non-
DLVO forces may strengthen or weaken particle attachment depending on location. For example, heat exchanger
surfaces could be coated to introduce short-range repulsion to prevent deposition, while non-critical surfaces
could be engineered to promote sedimentation.
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Figure 8.13: Evolution of the average NPradius over time for the coefficient set C’ /D’ = 0 and varying values of B’ /D’. Each coloured
trace represents an independent simulation run, while the black dots indicates the mean radius across ten repetitions. Increasing C’ /D’
increases the electric repulsion, slowing down the aggregation.

Another possible mitigation strategy is to increase the surface potential on critical reactor components. Higher
surface potentials can induce structured ionic layers that resist NP approach, acting as an additional repulsive
barrier. However, secondary effects must be considered. Enhanced surface potential may influence corrosion
behaviour or alter heat transfer efficiency.



Discussion

This study explored the application of DLV O theory to describe colloidal aggregation through a new non-dimensional
framework. The resulting formulation expresses the aggregation behaviour as a function of two parameters,
B’/D’and C’/D’, which represent the strength and the size of the EDL compared to the van der Waals attraction.
Although this framework has not yet been developed for the full range of the sphere-sphere interaction, this has
been accomplished that for the sphere-plate interaction. The simulation still contains many assumptions and sim-
plifications and has been done in 2 dimensions. However, a first qualitative relation between aggregation speed
and the dimensionless framework has been established.

For clarity, this discussion first evaluates the performance and assumptions of the non-dimensional DLVO frame-
work, followed by an assessment of the coarse-grained simulation results. Each part interprets the results, identi-
fies improvements and relates them to literature. The chapter concludes with an outlook on potential directions
for future work.

9.1. Analytical Model and Non-Dimensionalisation

The near-field approximation applied to the sphere—sphere interaction served as an initial step to visualise the
DLVO stability regions. However, this approximation fixes the regime boundaries and makes them independent
of particle size, which is not physically realistic. The sphere—plate interaction, where the full interaction range
is considered, shows that regime boundaries shift with particle radius: when a particle grows, the electric double
layer becomes relatively thinner, causing a stronger net attraction and promoting aggregation. This behaviour
is expected to occur in the full sphere—sphere formulation as well. A complete treatment of the sphere—sphere
potential is therefore required to accurately describe aggregation kinetics

The current framework captures the dominant DLVO contributions, but non-DLVO interactions such as hydration
forces, ion correlations, and specific adsorption may significantly modify colloidal stability [51]. The model is
therefore limited to systems in which such forces are not present; which we refer to as simple colloidal systems.

Finally, several parameters within the DLVO formulation are difficult to determine experimentally. The Hamaker
constant is often only known within an order of magnitude, and surface potentials y; and ~y, are rarely measured
directly. The linear superposition approximation used to describe the double-layer repulsion introduces addi-
tional simplifications. A more detailed investigation of NP surface chemistry and charging behaviour is therefore
essential to further improve accuracy and predictive capability.

9.2. Coarse-Grained Simulations

The ionic liquid was modelled as a coarse-grained Lennard-Jones fluid. This approach significantly reduces com-
putational cost by treating the beads as electrically neutral particles, thereby omitting explicit charge interactions.
This assumption might oversimplify the system by neglecting important ion-ion correlations that influence the
structure and dynamics of molten salts. A more realistic coarse-grained model would assign bead types based
on individual ions, preserving their electrostatic interactions while still reducing the degrees of freedom. This
approach would better capture ion structuring, but introduces increased complexity in model calibration and pa-

56



9.3. Recommendation for Future Research 57

rameter fitting.

In addition, the calibration of the coarse-grained parameters can be improved. In the current model, the parametri-
sation is based only on reproducing the experimental density at a single temperature and on matching radial dis-
tribution functions. Including additional thermodynamic and transport properties would increase the validity of
the parameters.

A two-dimensional simulation framework was developed to apply the non-dimensional DLVO parameters di-
rectly. In this framework, the interaction potential was evaluated between the centres of mass of the clusters, and
beads did not merge upon contact. Instead, atoms retained their individual pairwise interactions, resulting in a
superposition of forces. The superposition most likely exaggerated the aggregation kinetics of the system. Result-
ing in accelerated aggregation and high energy barriers. Another limitation of this model is that the cluster cannot
be simulated with a radius larger than the collision length. Beyond this point, the predicted energy barrier may
occur at the cluster boundary, causing an artificially stable dispersion even when the DLVO potential suggests
aggregation.

The thermostat choice also influences the aggregation kinetics. The Andersen thermostat correctly samples the
canonical ensemble by randomly reassigning particle velocities from the Maxwell-Boltzmann distribution. How-
ever, these stochastic collisions break velocity autocorrelation and distort dynamic properties such as diffusion
[63]. Since NP aggregation is driven by diffusion-controlled encounters, a thermostat that preserves physical
dynamics (e.g., Nosé—Hoover or Langevin) would be preferable in future work.

Despite these challenges, the model provides a first quantitative relation of the aggregation behaviour. Simulations
were performed across a range of parameter combinations of B’/D’ and C'/D’. For each case, the average
cluster size was computed over time and fitted to an exponential function with an asymptotic limit. The resulting
characteristic aggregation times and steady-state cluster sizes show clear agreement with theoretical predictions:
lower B’/ D’ values lead to faster aggregation, while higher C’/D’ values result in smaller final clusters due to
stronger electrostatic repulsion. However, some simulations showed a linear growth instead of an exponential
growth. It should be investigated that certain regions need linear fit or just an extended exponential.

Finally, the aggregation dynamics were studied within a finite simulation domain. In such a closed system, the
aggregation process eventually reaches a state where all particles coalesce into a single large NP. This repre-
sents a numerical equilibrium rather than a physical steady state, as the system no longer reflects the continuous
production and removal of particles that would occur in a realistic environment. A simulation setup that more
closely resembles the conditions of a molten salt reactor (MSR) would be highly valuable in this context. Such a
model could incorporate a source term to introduce metal particles, representing fission products, and a sink term
to account for NP removal through sedimentation at the boundaries. Developing a simulation framework that
integrates both effects, however, presents significant methodological challenges. For this reason, it is particularly
important to assess the influence of the system size on the observed aggregation behaviour to ensure that the finite
domain does not constrain the results.

9.3. Recommendation for Future Research

This section is divided in a section for the non-dimensionalisation and for the simulations. Lastly, specific rec-
ommendation for research of aggregation in MSR will be given.

Non-Dimensionalisation

As mentioned, it is recommended to derive sphere-sphere interaction potential without relying on the near-field
approximation. In that case, both particle radii are expected to appear explicitly in the dimensionless coefficients
B'/D’" and C’/D’. In addition, the framework should be experimentally validated. Controlled measurements
of sphere-plate or plate-plate (near-field sphere-sphere) interactions could confirm whether the predicted DLVO
regimes (primary minimum, energy barrier, secondary minimum) occur as expected. Such experiments require
systems in which the coefficients B’/D’ and C’/D’ can be varied independently and with high precision, for
example by adjusting ionic strength, surface charge, or particle size.

Coarse-Grained Simulations

Itis advised to further develop the coarse-grained (CG) model. The current implementation uses a centre-to-centre
distance, whereas the DLVO formulation is defined on a surface-to-surface separation. Introducing a surface-
based distance, combined with a merging function for neighbouring clusters, would eliminate the superposition
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effect of potentials. Additionally, the dependency of the coefficient D’ on the ratio B’/D’ should be modelled
explicitly. Together, these improvements would strengthen the link between the CG simulation and the predicted
aggregation kinetics.

A logical next step is to extend the simulations to three dimensions. Since all simulations in this work were
performed in two dimensions, the quantitative results cannot be directly extrapolated to 3D systems. For example,
Lennard—Jones fluids exhibit different melting behaviour in two and three dimensions [29]. Aggregation kinetics
are therefore expected to change as well when the system is extended to 3D.

Recent CG studies suggest modelling each bead as a single ionic species while retaining its net charge. Introducing
important ion-ion interactions back into the system. Making the simulation more complex but could capture the
behaviour of molten salts more accurately.

Finally, the simulation results should be benchmarked against experimental data, particularly aggregation rates
and final cluster sizes. The theoretical framework also suggests a potential link between aggregation and sedi-
mentation rates, since the dimensionless coefficients for sphere—sphere and sphere—plate interactions are closely
related (By, ~ B', Cg, = C"). If validated, measuring one behaviour experimentally may allow prediction of the
other. Before such cross-comparison is possible, the CG model should first be improved in the ways described
above.

Molten Salt Reactor

The operating conditions in a molten salt reactor place the system deep in the primary-minimum aggregation
regime. The attraction between particles is sufficiently strong that electrostatic repulsion becomes negligible
within the DLVO framework. Consequently, the behaviour of the system will likely remain unchanged by a
different choice of molten salt. Future research should therefore focus on controlling sedimentation rather than
preventing.

One strategy to control sedimentation is to alter the interaction between NPs and reactor surfaces. Applying
a surface potential on selected components may induce ion layering, which acts as an additional short-range
repulsive barrier. Alternatively, hydrophobic or hydrophilic surface coatings could be used to either promote or
suppress deposition, depending on the reactor component. Such approaches require careful evaluation of possible
side effects, including corrosion and changes in thermal performance.

The sphere—plate potential can be used to estimate sedimentation behaviour by determining the minimum particle—
wall separation required for irreversible behaviour. In turbulent flow, the viscous sublayer has a characteristic
thickness of roughly 0.1-1 mm, which is orders of magnitude larger than the interaction range of DLVO forces.
Thus, transport of NPs towards the wall is facilitated by hydrodynamic and thermophoretic effects. Coupling
these transport models to estimate NP concentration near the wall will serve as an input for the MD model to
predict final sedimentation rates.



Conclusion

This thesis developed a non-dimensional framework for classifying and predicting aggregation behaviour in col-
loidal systems. The DLVO potential was reduced to two dimensionless coefficients that represent the relative
strength and effective interaction range of the electric double layer (EDL). These coefficients enable aggrega-
tion behaviour to be categorised into four distinct regimes. The framework was applied to coarse-grained (CG)
molecular dynamics simulations to establish a first quantitative relation between these coefficients and aggrega-
tion kinetics. Finally, the framework was used to evaluate nanoparticle (NP) behaviour in molten salt reactors
(MSRs) and to formulate recommendations for future research.

The DLVO potential was successfully reduced to two dimensionless coefficients, B’/ D’ and C'/D’. Four aggre-
gation regimes were identified. In addition to the classical regimes, rapid aggregation, barrier limited aggrega-
tion, and stable dispersion, a fourth, semi-stable regime was discovered. Potentials in this regime fall within the
barrier-limited region but behave similarly to either direct aggregation or stable dispersion. This addition refines
regime classification and improves insight. The sphere—sphere geometry required the near-field approximation,
which produced fixed regime boundaries. While suitable as a starting point, accurate modelling should ultimately
include the full DLVO expression without this approximation.

The sphere—plate regime provides the full interaction behaviour over all surface separations and reveals size-
dependent regime transitions. Small particles with a relatively thick EDL show an expanded barrier-limited
regime, indicating reduced aggregation tendency. As particles grow, the EDL becomes small relative to particle
size and the regime boundaries converge toward the sphere—sphere near-field case, effectively capturing plate—
plate interactions.

A first quantitative relation between the dimensionless coefficients and aggregation kinetics was established using
CG simulations. NPs were modelled as spherical clusters of 50 atoms, and the LiCl-KCl eutectic salt was repre-
sented as electrically neutral beads. The molten salt beads interacted using a Lennard—Jones potential. Decreasing
computational cost by removing electrostatic interactions, but potentially oversimplifying interactions and losing
accuracy. A parameter sweep across the coefficient space revealed that longer aggregation times occur when
the potential amplitude decreases. Larger values of C’/D’ (stronger EDL repulsion) reduce final aggregate size.
However, the current model uses center-to-center distances, limiting physical accuracy and requiring refinement.

Applying the framework to molten salt reactors showed that the relevant coefficient values lie deep within the
primary-minimum regime. Aggregation is therefore unavoidable and largely insensitive to surface charge or salt
composition. Consequently, NP interactions in MSRs may be modelled using a Lennard—Jones potential, and
future work should focus on controlling deposition rather than preventing aggregation.

In summary, this research presents a general framework able to predict colloidal aggregation using only two
dimensionless parameters. Extending the model to three dimensions, exploring NP concentration effects, and
benchmarking against experimental data will further improve and validate the framework.
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Derivation

In this section, we present a concise derivation of the Linearized Poisson—Boltzmann equation starting from
fundamental electrostatic principles. Beginning with Poisson’s equation coupled to the Boltzmann distribution
for mobile ions, we then introduce the Debye screening parameter and perform a linearization that yields the
Debye—Hiickel (linearized Poisson—Boltzmann) form. Key assumptions, such as dilute solution conditions, small
potentials, and symmetric electrolytes, are identified at each step to clarify the regime of validity.

A.l. Electrostatics

The electrostatic potential p(r) generated by a charge distribution p(r) is governed by Poisson’s equation [24]:

Vi) = -, A1)
where ¢ = eg¢,. is the permittivity of the medium and p has units of Cm~=3. In an ionic liquid, such as a
molten salt, the charge density p(r) combines contributions from fixed external charges (e.g. on electrodes or
colloidal particles) and from the dissolved ions. These ions migrate under electrostatic forces, moving toward
oppositely charged regions and away from like charges. Consequently, the local concentrations of cations and
anions, n4 (r) and n_(r), redistribute in response to the potential generated by external charges. The resulting

ionic concentrations follow the Boltzmann distribution, whose derivation follows.

plr) = zeny (r) — zen_(r) + peut(r), (A2)
where z is the ionic valence and e the elementary charge. Far from any charged object, the solution is electrically
neutral, so n4 (00) = np and ¢(co0) = 0.

A.1.1. Boltzmann Distribution of Ions

In statistical thermodynamics, the chemical potential 1i; of species j measures the change in free energy when an
additional ion is added at constant T, V', and composition. In an ideal gas mixture at temperature 7, the chemical
potential of species ¢ at partial pressure p; is given by

pi(pi) = pf + kpTn(Es), (A.3)

and the ideal-gas law relates p; to the number density n; via p; = n;kg7T. Hence one may equivalently express
the chemical potential as

pi(ni) = p¢ + kpT (%), (A4)

with n® = p°/(kpT). The two forms differ only in the choice of reference state. In a dilute ionic solution, each
ion of species j carries charge ¢; and experiences an electrostatic potential ¢(r). The local chemical potential is
then
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pi(r) = kpT In(2£) + g5 o(r), (A.5)

The term g; ¢(r) comes from deriving the chemical potential from the Helmholtz Free energy (F), p; = ( 591{2 ) -

Because the atoms are interacting with a potential (r), this term is added to the Free energy F'. For an ideal
monatomic gas interacting with a potential ¢(r), the Helmholtz Free Energy is given by

F =—kgTN + Ngjp(r) (A.6)

ln()\:%vN) -1

Another derivation to show that this theory holds is given by the Gibbs Free energy G. Which is given by
G = F 4 PV. The chemical potential is given by

oG \%
e— = —kgT1 - A7
Hi (8Nj>P,T B n()\dTN]) ( )
and at equilibrium this must equal the bulk value
;= kpTIn(2L) (A.8)

Equating (A.5) and (A.8), then solving for n;(r), one obtains the Boltzmann distribution:

i p(r
n;(r) = ng exp[— qjkig“)} . (A.9)
Substituting (A.9) into Poisson’s equation (3.1), yields the nonlinear Poisson—Boltzmann equation
2zen ze r
2 0 . ¥ Pext (T)
= n(F) . A10
Vp 5 sin T + - ( )

Introducing the dimensionless potential ® = zep/kpT give rise to another constant. This will be the Debye
screening parameter given as.
2 2,2
2 _ M7 (A.11)
EkBT

Physically, the inverse screening parameter x ! is the Debye length \p, and the two symbols are interchange-
able. The Debye length is the 1/e decay distance of the potential in the linear regime, and it scales as A\p =
\ekpT/(22%2¢2ng). Higher ionic strength or valence increases x (reducing \p), thus enhancing screening.

Substituting the dimensionless potential ® with (A.11) the nonlinear Poisson-Boltzmann equation yields

Pext (r) '

V?®(r) = £”sinh [®(r)] + 5

(A.12)
Non-Ideal (Ionic Liquid) Corrections

In a non-ideal electrolyte solution the appropriate thermodynamic variable is the activity a; = 7;(n;/n°) rather
than the raw concentration n;. The chemical potential becomes

.
1y = 1S + kpTlnay = S + kBTln(fyj ni) (A.13)

where ; is the activity coefficient. For dilute electrolytes the Debye—Hiickel limiting law gives

22e?

~ J 1 2.
Iny; =~ SkaTxﬁ, 1_2;4— n;, (A.14)
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showing that increasing ionic strength I lowers vy;, reducing the effective activity. Formally, the equilibrium

distribution becomes

a;j(r) = a exp[* L}{ig )}, (A.15)

but interpretation of a; requires knowledge of ;(I), obtained experimentally or via models such as Pitzer or
UNIQUAC.

A.1.2. Linearized Poisson-Boltzmann Equation

For |®| < 1 one linearizes sinh(®) ~ &, reducing (A.12) to
V20(r) = x20(r) + P e*;(r). (A.16)
For a point charge () at the origin
pext (r) = Q3P (r), (A.17)
the solution of the Helmholtz—Poisson equation
2 2m _ @ (3)
V@—n@-;é (r) (A.18)
is the Yukawa potential
Q _
®(r) = o = Al
() ==, =1, (A.19)
recovering the Coulomb form
Q
(I)uns = 3 A.20
(r) dmer ( )

in the limit s — 0.

A.2. Ionic Strength of KCI-LiCl Eutectic (42 mol% LiCl)

We compute the molar concentration and the total ionic strength (I) for a KCI-LiCl eutectic mixture. The values
used for the calculation are from Zhang and Simpson [89] and are summarized in Table A.1.

Table A.1: Physical properties of the eutectic LiCl (58 mol%)-KCl (42 mol%).

LiCI-KCl eutectic salt
Temperature (K) Density (g/cm?)

773 1.6226

To calculate equation (3.5) is used. Therefore, we need to calculate the respective concentrations of the compo-
nents of the mixture. Knowing the molar masses of the components and their ratios gives the concentrations of
LiCI-KCl.

The individual concentrations of the mixture can be calculated using
i, (A.21)
where the ¢; is the individual concentration of atom i, p; is the total density of the mixture and M is the molar

mass of the mixture. The individual concentrations are added to table A.2

Mixture molar mass (per mole of formula units) can be calculated with:
Muix = zriciMuic1 + (1 —zrici) Mkl = 61.043 g mol 1. With the individual concentrations of all the cations
and the anions of the mixture. Following (3.5) the ionic strength of the mixture equals
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Table A.2: Atomic and compound molar masses used in the calculation.

Species Formula Molar mass (gmol~1) Eutectic concentration Molar concentration
Lithium Li 6.94 21% 5.58
Potassium K 39.10 29% 7.71
Chlorine Cl 35.45 50% 13.29
Lithium chloride LiCl 42.39 42% 11.16
Potassium chloride KCl 74.55 58% 15.41
1 _
Iici-xer =5 Z 22¢; =13.29 mol L™* (A.22)

These values highlight the extreme ionic strength of the melt and the correspondingly short electrostatic screening
length.



Nucleation Theory

Nucleation is the process by which a new thermodynamic phase emerges within a parent phase, forming the
microscopic origin of phase transitions such as vapor-to-liquid condensation or liquid-to-solid freezing. In this
work, the focus lies on the nucleation of solute atoms in a liquid medium, where individual atoms assemble into
stable solid clusters. This section outlines the framework of Classical Nucleation Theory (CNT), which describes
how the competition between bulk free energy gain and interfacial free energy cost results in a nucleation bar-
rier and a corresponding critical nucleus size. While CNT captures the first-order thermodynamic driving forces
through the Gibbs free-energy landscape, it is based on several simplifying assumptions, including macroscopic
surface tension and spherical nuclei, which become inaccurate at the nanoscale. Various extensions, such as
density-functional approaches, non-classical pathways, and molecular-scale corrections, have improved the pre-
dictive capability of CNT. Nevertheless, a general and quantitatively accurate description of nucleation processes
remains a subject of ongoing research.

B.1. Gibbs Free Energy of Nucleation

The chemical potential of monomers in a solution is given by

c
i = i+ kpTin( 22, (B.1)
Cegq
where the subscript states that the chemical potential is for a single atom alone. Thus when the concentration
grows above the equilibrium concentration, the chemical potential will rise as well.

In a supersaturated solution, i.e., one in which the solute chemical potential is higher than that of molecules in the
crystal so that Apt = fisolute — Merystal > 0, the formation of such a cluster leads to a free energy loss of —nAp.
On the other hand, the creation of the phase boundary with area S and surface free energy « between the cluster
and the solution leads to a free energy gain [74].

If Ap > 0, then one atom goes from the solute to the crystal because it lower G by —nAp with n = 1 for only
1 atom.

However, creating a surface requires energy as it creates a barrier between two states. For example, breaking a
material creates two surfaces. In this process many bonds where broken to obtain two surfaces, which requires
energy. This gives a full equation for the change in Gibbs Free energy when n atoms forms a cluster

AG =n+vA(n). (B.2)

Now, we consider the formation of spherical clusters with volume V' = %wr?’ and a surface A = 47r2. Futher-
more, we define A, g as the difference in gibbs free energy when an atom is absorbed or added in the bulk material
of the cluster. This is generally known for most of the materials and is used often in nucleation theory. In addition,
it is also convenient to be able to convert the volume of the cluster to amount of atoms needed for that specific
volume. The definition is given as n = V/v,,, where v,,, stands for the molecular volume (the volume of 1 mol

of a given particle).
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So the change in gibbs free energy is given

4
AG = —gmﬁgAvg + y4mr? (B.3)

Furthermore, by looking at equations (B.2) and (B.3), it can be stated that Ag, = Au/v,, = RT In(S)/v,.

Differentiating equation (B.3) with respect to radius will give the radius for which the Gibbs Free energy does not
change. This will be the minimal radius that is required for spontaneous nucleation to happen. After this radius,
theory suggests that the cluster keeps growing. In reality, as the cluster grows, the concentration and the chemical
potential of the single atoms will decrease. This continue till Ay = figolute — ferystal = 0. When this equality
holds the cluster will stop growing. The critical radius r* and critical atoms nx* are given by [86]

= 2 2m

Ag, RTIn(S)

4 3 2 3,2
T 32T Uy,

3 um 3 (RT1In(9))3

(B.4)

It is interesting to see that nucleation is not energy-favorable at first. This induces the single atoms to stay soluded,
eventually increasing the concentration of single atoms. In conclusion, important to see that the critical amount
of atoms decreases as the concentration of monomers increases far above the equilibrium concentration.

B.1.1. Nucleation in Molten Salt Reactors

The nucleation of metallic clusters, particularly those composed of noble metal fission products such as palladium,
ruthenium, or molybdenum, is an important process in molten salt reactors (MSRs). A single metal atom lacks
a complete coordination environment and therefore does not possess the full set of metallic bonds characteristic
of the bulk solid phase. When two or more metal atoms approach each other, metallic bonds are formed through
delocalised electron sharing, leading to the aggregation of atoms into stable clusters.

Nucleation can occur via two primary mechanisms: homogeneous and heterogeneous nucleation. In homoge-
neous nucleation, atoms of a single species bond together to form clusters of the same composition. Heteroge-
neous nucleation, on the other hand, involves the formation of clusters consisting of multiple atom types or the
spontaneous nucleation of clusters at surfaces or interfaces. Rough surfaces in particular provide energetically
favourable sites, reducing the nucleation barrier. Consequently, heterogeneous nucleation typically proceeds
faster than homogeneous nucleation. A common example of this phenomenon is the formation of bubbles on the
surface of a glass when champagne is poured, as the surface irregularities act as nucleation sites.

To describe the thermodynamic driving forces pf nucleation, the Gibbs free energy is introduced. This thermody-
namic potential applies to systems at constant temperature 7" and pressure P, conditions relevant to MSRs where
the pressure is regulated over the system volume. As the molten salt heats or cools, its density, and therefore the
occupied volume at constant pressure, changes slightly. The Gibbs free energy quantifies the energetic feasibility
of a process: a process proceeds spontaneously only when the change in Gibbs free energy is negative, AG < 0
[4]. The general expression for the Gibbs free-energy change is given by [70]:

dG = VdP — SdT + " pjdn; (B.5)
J

when expanded by substituting dU = T'dS — PdV + pudN. Combine the Gibss-Duhem equation which is given
by > ;jp; = 0. This equation states that the chemical potential of one component of a mixture cannot change
independently without the remaining chemical potentials changing as well. So we have

A,G = puAN (B.6)

Where the molar Gibbs free energy is defined as G = nG,,, this will be a convenient way to compare the Gibbs
free energy with the chemical potential.

. (6(}) _ (6(%)) . ©7)
on o T on o
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When we have our clusters that undergo the reaction: A — B, the chemical potential of both reactants will change
by as

G,
dG = padnag + ppdnp = —pa dé + pp dé = (up — pa) dé = ( € ) =pp — pa (B.8)
T,P

Where A,.G is in (J mol~1). So we have that the Gibbs free energy of the reaction A — B is defined as
AG, = up — pa or can be rephrased as the difference between the chemical potentials of the reactants.

To derive an expression for the Gibbs free energy that is dependent on pressure changes from equilibrium. The
temperature is set constant as the number of particles d1" = 0, dN = 0 so equation (B.5) becomes dG = VdP.

Integrating the said equation gives
Py

G(Py) = G(Pi)Jr/P Vdp (B.9)

For incompressible liquids or solids, (B.9) is reduced to G(Py) = G(P;) + VAP. For an ideal-gas the volume
can be substituted by V,,, = RT'/p so that we get the following equation.

) P
ILL(T,P) — Mldeal(T) + RT IH<W>. (BIO)

Applied to the simplest situation where two individual atoms from a cluster 24; — A, gives the following:

idea P 1dea P 2
AG(2A41 — Ag) = s — 2u1 = pie®l 4 RTIn (Pd?al> — pideal — RTIn ((Pdll) > (B.11)

Combining gives

AG(24; — Ay) = AG° 4 RT'] Py Prcet 12
r ( 1~ 2) = A, + RT'In W . (B.12)
Giving a general definition for a reaction of the kind n4; — A,
; Pn/Pideal
ATG(nAl — An) = ATG deal + RT'In <(P1/Pideal)n) . (B13)

This is a definition that works for ideal gases. For the sake of simplicity this approach is taken. For more
accurate values the fugacity should be added into the equations. In short, fugacity is the escaping tendency of
a particular phase to any other. This is true for all liquids and is defined to correct the ideal-gas definition for
the chemical potential as it does not account for interacting gasses. For a nearly incompressible phase, most

liquids and solids, the fugacitiy is equal to the the standard pressure so the whole correction term goes to zero
ideal

Hsolid/liquid (Ta P) ~ :u‘solid/liquid(T)'

The reason that the partial pressures have an effect on the reaction could be solved with a mind experiment. When
a reaction at equilibrium is compressed (from a to b), the reaction responds by reducing the number of molecules
in the gas phase.

Futhermore, using the thermodynamic equilibrium constant (K) that is the ratio of partial pressures at equilibirum,
to descirbe the to calculate the the ideal reaction energy [4]

) P;q/Pideal P, P

Ultimately, when the whole equations are derived, the following equation will roll out

A, Gou(nAr = A1) = AGhueser + BT 2" (B.15)
1

An important conclusion is that the Gibbs free energy associated with cluster formation is not solely determined
by the free-energy barrier illustrated in Figure B.1. It also depends on the partial pressures and the concentration
of n-atom clusters, which together lower the overall reaction free energy. As fission products gradually dissolve
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Figure B.1: Schematic representation of the Gibbs free-energy with different concentration. Indicating that an increase in the concentration
of single molecules/atoms loweres the Gibbs Free Energy Barrier.

into the molten salt, the concentration of solute atoms increases, thereby reducing the energy required for cluster
formation. Over time, this makes nucleation more favourable and eventually leads to the spontaneous formation
of metallic clusters.

Although individual atoms can aggregate into clusters even when the Gibbs free-energy barrier remains positive,
this process does not necessarily occur instantaneously. The atoms are not in a saturated state within the molten
salt, and the diffusion coefficient becomes a key parameter in determining the likelihood of atomic encounters
that lead to aggregation. As time progresses and the concentration gradient builds up, the reaction free energy
approaches zero. At this point, an equilibrium is reached where the rate of cluster formation equals the rate of
dissolution, provided that no additional atoms are introduced into the system.

Molecules forming part of a new cluster phase with a curved interface possess a higher potential than those in
a flat configuration, meaning that additional surface energy is required for the formation of new clusters. This
can be understood by considering that energy is needed to split a cluster into two smaller ones, as atomic bonds
must be broken. The same reasoning applies to the nucleation process: dividing a single cluster into smaller ones
increases the total surface area, which in turn increases the total surface energy required for stability [7].



Parameter variation study

In this chapter, a parameter study will be shown of the DLVO potential from Equation 3.25. In literature, not
much is clear about aggregation of metal atoms in MSR. The parameter variation study will serve as a foundation
to understand how the potential behaves under different parameter values. Each of the parameters will be varied
over a wide range to get a good impression on the impact of the variation. Another reason this parameter study is
conducted, is that some of the parameters in the potential could not be determined from literature. This uncertainty
causes the probability that all simulation that would have run be considered very specific and not translatable to
other studies or cases. For this particular reason, the parameter study is even extended to a non-dimensionalisation
for the specific behavior of the potential. This study aims for the general understanding of the whole potential.

Bringing back the amount of parameters to two. Hereby, making it easier to identify the regions in a contour plot
without loss of generality of understanding
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Figure C.1 shows the influence of several input parameters on the non-dimensional DLVO potential U’. Each
subfigure varies one parameter while keeping the others fixed, illustrating how the shape of the potential changes.

In subfigure (a), the Hamaker constant A is varied. For larger values of A, the van der Waals attraction increases
and the primary minimum becomes deeper. At low values of A the potential shows a repulsive barrier before ag-
gregation can occur, whereas at higher values the barrier vanishes and aggregation is expected. This demonstrates
how strongly A controls the overall potential.

Subfigure (b) presents the variation of the collision parameter o. Smaller values of o result in a steeper Born
repulsion, while larger values soften the short-range repulsive wall. The effect is limited to very small separations
but it determines how particles interact upon close contact.

In subfigure (c), the surface potential ~; is varied. Higher v, strengthens the double-layer repulsion, raising the
energy barrier and increasing the stability of the suspension. For lower 1, the potential becomes dominated
by the attractive contribution and aggregation is more likely. This parameter is therefore crucial for setting the
balance between attraction and repulsion.

Subfigure (d) shows the influence of the number of ions in solution, n;,,s. Increasing the ionic concentration
reduces the Debye length and thereby shortens the range of the electrostatic repulsion. At high n;,y5, the potential
becomes purely attractive and aggregation dominates. The ionic concentration thus controls the range of stability.

In subfigure (e), the temperature 7' is varied. Higher temperatures reduce the effective barrier height relative to
kpT, while lower temperatures increase it. Compared to the other parameters, the influence of temperature is
less pronounced, but it still shifts the location of the minima and the overall stability.

Finally, subfigure (f) shows the variation of the particle radius a,. Larger particles experience stronger van der
Waals attraction, resulting in a deeper primary minimum. Smaller particles are relatively more stabilized by
electrostatic repulsion. Particle size therefore shifts the balance between attractive and repulsive forces.

The parameter variation highlights that the DLVO potential is highly sensitive to the input parameters. In partic-
ular, the Hamaker constant A and the surface potential v, play decisive roles in determining whether the system
is stable, metastable, or unstable. Both of these parameters are, however, difficult to measure or estimate reli-
ably. Furthermore, different combinations of parameters may produce similar potential curves, leading to the
same simulated behaviour. For this reason, a generalized description is desired. In the following, the potential is
expressed in terms of the dimensionless ratios B’/D’ and C’/D’, which allows for a universal classification of
the interaction regimes independent of the precise parameter values.
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Figure C.2: Evolution of the average cluster size during the simulation. The blue markers represent the recorded data, the black line
indicates the fitted model, and the dashed gray line shows the original fit for comparison. Only the initial growth regime is fitted to prevent
overfitting, as discussed in Section 7.6.

Figure C.2 shows the evolution of the average cluster size together with two fitted models used for comparison.
Both models reproduce the general trend of rapid early growth followed by saturation. However, the full three-
parameter fit (dashed line) begins to deviate from the physical behavior at later stages, indicating overfitting. By
constraining the final cluster size and initial condition, the simplified model (solid line) maintains a lower coeffi-
cient of determination (R? = 0.8797) but provides a more physically consistent representation of the aggregation
dynamics.



Validation Molly: Argon simulation

In this chapter, validation of the Julia simulation with the Molly package will be shown. The results of the Argon
simulation will be presented, hereby comparing the non-dimensionalised pressure with literature values from
Verlet paper. As well as the radial distribution function for different phases will be compared. Furthermore, the
regions for different behavior are calculated and presented in a heatmap with the non-dimensionalised coefficients,
who are introduced in chapter 3.

D.1. Validation

To validate the simulation software as well as the Molly package in Julia, an argon simulation is carried out. The
literature values are taken from the Verlet paper [75] and from a paper with published radial distribution function
values of liquid argon [85].

To validate if the system works, it is important to calculate multiple observables and compare the values to the
literature. This paper covers the pressure and the pair correlation function.

Pressure
The pressure can be calculated using the virial theorem:
pr B /1 ou
e P e Y T D.1
P 3N \ 2 Z " (-1

In this equation, ( is defined as ,CE%T, where kg is the Boltzmann constant and 7" is the temperature; P is the
pressure, p is the density, U is the potential energy, and r;; is the distance between particles ¢ and j. The angle
brackets denote ensemble averaging.

Pair correlation

Also known as the radial distribution function, the pair correlation function measures the probability of finding
a particle at a distance r away from a reference particle. The pair correlation function can be computed in the
following way:

oV
90) = N = Damzar )

(D.2)

The result will be a histogram of all particle pairs within a distance [r, r + Ar].

A system of 864 particles is initialised in a face centred cubic (fcc) lattice, which corresponds to the crystal
structure of solid argon. The lattice constant is determined from the dimensionless density p* specified as an
input parameter. The side length of the cubic simulation box is set to six times the lattice constant. Initial par-
ticle velocities are drawn from the Maxwell-Boltzmann distribution at the specified dimensionless temperature.
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Since the system is not yet in equilibrium, the simulation is first allowed to evolve and the particle velocities are
subsequently drawn from an external heat bath with the Andersen Thermostat, described in Chapter 7

(N —1)3kpT

D3
Zi mivf ©-3)
After the rescaling step, the pressure is calculated as the time average of the logged pressure values during the
simulation. The results are shown in Figure D.1.

The simulated pressures for argon at various temperatures and densities showed good agreement with the reference
data in the low- to medium-density and temperature regimes. Deviations were observed at low temperatures
combined with high densities, where the simulated pressures were significantly lower than experimental values.
These discrepancies are likely due to the simplified model used in the validation, which considered only Lennard-
Jones interactions.

Figure D.2 shows the radial distribution function for the solid, liquid and gas phases. The solid phase exhibits a
highly ordered structure, which is reflected by the sharp and periodic peaks. These peaks indicate that particles are
positioned at well defined separation distances, consistent with a crystalline lattice. The liquid phase still shows
positional correlation between neighbouring particles, although this correlation decays with increasing distance.
In contrast, the gas phase displays no structural ordering and the radial distribution function approaches unity,
meaning that particles are randomly distributed throughout the domain.

Since this research does not operate within low-temperature regimes, the accuracy of Molly. j1 is sufficient for
the intended simulations.

Pressure vs. Temperature by density Radial distribution functions in three phases
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Figure D.1: Comparison between the simulated and Verlet’s data.
The solid lines correspond to Verlet’s data. While the dots represent
the simulated data.

Figure D.2: The simulated radial distribution function for all phases
of argon.
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