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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 sphereïsphere and sphereïplate 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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1
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-
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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.

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.



2
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.

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-

3



2.2. Case Study Introduction: Molten Salt Reactor 4

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 DerjaguinïLandauïVerweyïOverbeek (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 waterïgas 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.

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.

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 235U or 233U, due to differences in the fission product inventory and operating conditions.
Post-operation analysis identified several noble metal isotopes formed through decay chains, including 99Mo,
103Ru, 106Ru, 129mTe, 132Te and 95Nb. 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 235U 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 66.5 h
103Ru 3.00 1.2 min 39.7 days
106Ru 0.39 <1 min 1.01 yr
129mTe 0.71 4.6 h 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.

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 òdissolvedò
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 wallï
particle interaction is sufficiently strong. At larger sizes, gravitational forces dominate, leading to gradual sedi-
mentation of the NPs onto the reactor floor.

Figure 2.2: Schematic overview of nanoparticle evolution: nucleation of primary particles, aggregation into larger clusters, and
sedimentation onto a surface. The ñïò 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.

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.

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 �G�. 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 SFPôs 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
�G�. 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.

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

Å 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.

Å 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.

Å 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.

Å In their study of silica NP dispersions, Liu et al. [48] demonstrate that divalent cations Ca2+, Mg2+ 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.

Å In their 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.

Å 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 ñcore-decoyò bead to better capture goldïligand and goldïsolvent
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]

Å This study proposes an application of Nos®ïHoover (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 particleôs equation of mo-
tion is derived from atomic-level dynamics, linking NH thermostat terms with system properties obtained
from molecular dynamics (MD) simulations. [83]

Å 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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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 particleïwall interactions and to predict the sedimentation
behaviour of NPs on reactor walls.

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:

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

Å 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?

Å 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.



Part I

Theoretical Framework Development
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3
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.

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.

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 �. The PoissonïBoltzmann 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-H¿ckel 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 ’.

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

The PoissonïBoltzmann equation was formulated independently by Gouy and Chapman [22, 8], who combined
Poissonôs equation from electrostatics with the Boltzmann distribution for ionic charge densities. If the surface
potential ’0 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 = �r’, the electric
field can be expressed in terms of the potential. Combining this with one of Maxwellôs equations, r � E = �="0,
results in Poissonôs equation. Poissonôs equation directly relates the charge density to the electrostatic potential
[24].

r2’(r) = ��(r)

"
; (3.1)

where " is the permittivity of the medium, defined as " = "0"r. Here, "0 denotes the vacuum permittivity, "r the
relative dielectric constant of the medium, and �(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 PoissonïBoltzmann equation [15]:

r2�(r) = �2 sinh
�
�(r)

�
+

�ext(r)

"
: (3.2)
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Here, the dimensionless potential � =
ze’

kBT
is introduced, where z is the ionic valence, e the elementary charge,

� is the inverse Debye length, kB the Boltzmann constant, and T the absolute temperature. The system can be
solved using the following boundary conditions:

� = �0

�
=

ze’0

kBT

�
for r = 0; � = 0 and

d�

dr
= 0 for r ! 1; (3.3)

which impose that at the surface, the potential equals the surface potential ’0, and that it decays to zero far from
the charged interface. Moreover, the inverse Debye length � is defined as

�2 =
2e2NAI

"kBT
; (3.4)

with NA is Avogadroôs constant and I the ionic strength of the solution, expressed as [66]:

I =
1

2

X
i

z2
i ci; (3.5)

where zi is the ionic valence and ci the molar concentration [mol L�1] of ion species i. There exists ambiguity
around the ionic strength, as sources have defined it with concentration in units of molality [mol kg�1]. These
two definitions yield different results. For this reason, it is explicitly mentioned here. The ionic strength I
strongly influences the value of � 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.

A useful approximation can be made for low surface potentials �o < 1 or when ’o < 25 mV. Assuming
sinh(�) � � transforms the equation in the Debye-H¿ckel approximation:

r2�(r) = �2�(r) +
�ext(r)

"
: (3.6)

Solving equation 3.6 for a point charge: Q�3(r) in spherical coordinates and under the boundary conditions given
in equation (3.3) recovers the Yukawa potential [88]:

�(r) =
Q

4�"r
e��r; r = jrj; (3.7)

The Debye-H¿ckel approximation is the basis of the Linear Superposition Approximation (LSA). This approxi-
mation will capture the electric interaction of charged spheres in ionic liquids.

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, ionïion 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 Gouyï
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 ôsmeared-outô surface charge may seem



3.2. DLVO Theory and Interatomic Forces 15

especially suspect in view of the small sized NPs where structural properties are still relevant [53]. 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 GouyïChapman 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 GouyïChapman 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.

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.

According to DLVO theory, and as predicted by the GouyïChapman 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.

Extensive research has been conducted on the interaction between charged planar surfaces and between charged
spheres [42, 15]. The analytical solution of the linearized PoissonïBoltzmann 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.

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)

’surface = constant �surface = constant

’(h = 0) = ’1 �"
d’

dh

����
h=0

= �1

’(h = D) = ’2 +"
d’

dh

����
h=D

= �2

There, the sign difference in the CCA condition arises because the outward normal vector at h = 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.

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.

’t = ’1 + ’2; (3.8)

where the total potential ’t is the sum of the potential of one particle ’1 and of the other ’2.

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].

Uss
LSA(h) = 128�

a1a2

(a1 + a2)

NAIkBT

�2

1
2 e��h h � a (3.9)

where 
1; 
2 represent the dimensionless surface potentials of particle 1 and 2:


 =
exp(�0=2) � 1

exp(�0=2) + 1
= tanh

�
�0

4

�
(3.10)

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

The sphere plate potential can be obtained by allowing one of the radii to approach infinity. Taking the limit
a2 ! 1 and generalizing a1 to any radius a gives the sphere-plate potential:

Usp
LSA(h) = 128�

NAIkBT

�2
a 
1
2 e��h h � a (3.11)

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.

Å 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, r�6, indicating a relatively short range
compared to ionic interactions [2].

Å 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.

Å 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�6.

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

UvdW(h) = � C

r6
; (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 =

p
x2 + y2 + z2, 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:

UvdW(r) = ��

Z 1

�1

Z 1

�1

Z 1

�1

C�
x2 + y2 + z2

�3 dx dy dz = ���C

6r3
; (3.13)

where � is the molecular number density. The interaction between a particle and a wall thus decays as r�3,
showing that it is longer-ranged than the interatomic dependence r�6.

Extending this approach to two planar surfaces yields an interaction per unit area that scales as r�2:

UvdW(r) = � A12

12�r2
; (3.14)

where A12 = �2�1�2C 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 10�21 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.

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

Uss
vdW = �A

6

�
2a1a2

h2 + 2a1h + 2a2h
+

2a1a2

h2 + 2a1h + 2a2h + 4a1a2
+ ln

�
h2 + 2a1h + 2a2h

h2 + 2a1h + 2a2h + 4a1a2

��
;

(3.15)
where h is the interatomic distance between the clusters. In the near-field limit, where h � a1; a2, equation
(3.15) simplifies to

Uss
vdW = � Aa1a2

6h(a1 + a2)
; h � a1; a2: (3.16)

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

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 (a2 ! 1) [25]:

Usp
vdW = �A

6

�
a

h
+

a

h + 2a
+ ln

�
h

h + 2a

��
; (3.17)

where there is only one particle radius in the equation, so the subscript is removed a1 ! a, This configuration is
of particular relevance for describing particle deposition on surfaces and represents the attractive contribution to
the DLVO 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 ¡ngstrºm, 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,
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1 � 7a1a2 + a2
2)

(r + a1 � a2)7

�
r 2 � 7r (a1 � a2) + 6( a2

1 � 7a1a2 + a2
2)
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