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BMPIP 1-butyl-1-methylpiperidinium 

BMPL 1-butyl-1-methylpyrrolidinium 

BMPY 1-butyl-1-methylpyridinium 

CCC Critical coagulation concentration 

DLS Dynamic light scattering 

DLVO Derjaguin, Landau, Verwey and Overbeek 

EAN Ethylammonium nitrate 

EDL Electric double layer 

IEP Isoelectric point 

IFT Indirect Fourier Transformation 

ILs Ionic liquids 

IP-2 Polyimidazolium ionic liquid polymer 

LDH Layered double hydroxide 

SAXS Small-angle X-ray scattering 

SL Sulphate latex particle 

SWAXS Small- and wide-angle X-ray scattering 

TEM Transmission electron microscopy 

XRD X-ray diffraction 

  



 

Doctoral (Ph.D.) dissertation Introduction 

4 

 

1. Introduction 

Ionic liquids (ILs) have emerged as a pioneering class of tuneable solvents that are composed 

entirely of ions yet maintain a liquid state below 100 °C [1]. They possess a variety of 

advantageous properties and therefore hold significant potential for various applications in areas 

such as materials synthesis, catalysis, and electrochemical processes [2]. ILs play an important 

role in particle dispersions, acting either as the main medium or as additives [3-6], and they have 

a major impact on the outcome of applications. It is obvious that in heterogeneous particle-IL 

systems, colloidal stability is one of the most critical parameters. The interplay of attractive and 

repulsive forces determines the aggregation processes of the particles and thus the stability of 

the dispersion [7]. However, since ILs are ionic by nature, they add complexity to our 

understanding of electrostatic forces in such systems. The strong ionic character of ILs screens 

long-range repulsive forces, necessitating a deeper knowledge of the interactions between IL 

components and dispersed particles for effective utilisation of IL-containing dispersions. 

Despite significant progress in the physicochemical characterisation of ILs in bulk phases, 

the study of their interfacial properties and their influence on colloidal stability is a recent 

endeavour [8]. The aim of the present work is therefore to investigate and map the charge and 

aggregation relations between different particles in heterogeneous IL-based systems. Factors 

such as water and salt content are scrutinised to determine the physicochemical parameters that 

influence colloidal stability in IL media and how these parameters can be adjusted to achieve 

optimal results. In addition, ion specificity has a significant impact on the stability of 

IL-containing dispersions, which may hinder their applicability. Thus, this problem was also 

addressed by investigating basic charging and aggregation processes in aqueous IL solutions 

while systematically modifying the IL structures. 

Furthermore, ILs have proven to be promising alternatives to conventional solvents for the 

delamination of layered materials [9]. They facilitate the exfoliation in one-step in a liquid phase 

and the subsequent stabilisation of the resulting 2D nanosheets in dispersions. Therefore, the 

interactions between IL components and layered materials – namely, layered double hydroxides 

(LDH) – were investigated in both aqueous and pure IL media. The overall findings can help to 

support the selection of suitable ILs based on their structural and physicochemical properties 

and to optimise the choice of solvents for specific applications.  
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2. Literature review 

2.1. Ionic liquids 

ILs are defined as a liquid below 100°C and – in contrast to conventional solvents – they are 

composed entirely of ions, which gives them a unique property profile [1, 8, 10]. The steric 

imbalance between the composing ions leads to poor coordination and weaker Coulombic 

forces, which prevents their arrangement in a regular crystal structure and causes unusually low 

melting temperatures. ILs typically consist of a bulky organic cation paired with a compact 

organic or inorganic anion. The structure of the most commonly described IL cations and anions 

is depicted in Figure 1. 

 

Figure 1. The chemical structures and names of the cations and anions that make up the 

commonly used ILs. 

Research in the field of ILs has experienced a significant upswing in recent decades, although 

they were discovered much earlier. The reason for this lies in the specific physicochemical 

properties of ILs. Accordingly, they do not vaporise, thus the upper limit of their operational 

temperature range is determined by their thermal decomposition temperature [11]. The 

negligible vapour pressure of ILs at ambient conditions – compared to volatile organic solvents 

– is a strong ecological advantage. In addition, the lower volatility of these solvents and their 

non-flammability contribute to the operational safety of a given process, as mixtures of volatile 
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organics and air are always associated with explosion hazards. However, the actual 

environmental friendliness of ILs is generally doubtful, given the lack of clarity regarding their 

direct toxicity and environmental behaviour [12]. 

The term “designer solvent” has been coined for ILs due to the possibility of gradually 

changing their physicochemical properties by adjusting cations and anions, as well as their 

diversity [1, 13]. The combination of different types of cations and anions enables not only the 

continuous production of novel ILs with new qualities, but also a finer tuning of specific 

properties such as viscosity, thermal stability, vapour pressure, and hydrophobicity, making ILs 

valuable materials for a wide range of chemical processes. In rheological studies of ILs, altering 

either the cation or anion structure while keeping the other constant, is a common approach to 

tuning dynamic viscosity, lubricity, and solvation properties. These studies have shown that 

higher charge localisation leads to higher viscosity in ILs. Thus, factors such as ion size and 

charge delocalisation are crucial parameters that influence viscosity [14]. This relationship also 

applies to the density of ILs. Even a seemingly minor structural change, such as replacing a C8 

chain with a C10 chain on an alkylimidazolium moiety (see Figure 1), affects the 

physicochemical properties of the resulting IL [15].  

The physicochemical properties of ILs depend strongly on their bulk structure and their 

intrinsic ionic nature [8, 16]. Most researchers suggest that the bulk structure of IL is similar to 

that of a highly concentrated salt solution or a molten salt. However, recent models propose that 

ILs are structured solvents ranging from supramolecular (ion pairs, ion clusters) to mesoscopic 

(H-bond networks, micelle-like, and bicontinuous morphologies) length scales. Imidazolium-

based ILs, for example, form networks of cations and anions connected by hydrogen bonds [17]. 

The ionicity in ILs reflects the fraction of dissociated species that avoid clustering, and it 

strongly depends on the structural composition of the IL [16]. The higher the dissociation of an 

IL, the more it exhibits unique properties that make it a special class of solvent. 

As a consequence of this unusual range of properties, ILs are highly attractive from both 

fundamental and practical perspectives [2, 13, 18-20]. They are used in electrochemical [19] 

(e.g., batteries, sensors, electrodeposition, dye-sensitised solar cells), chemical [21] (e.g., 

organic reactions, nanoparticle synthesis, catalysis) and extraction processes (e.g., enhanced oil 

recovery [22], microextraction [23]). ILs are also used as additives, such as lubricants [24], 

surfactants [25], and shale [26] or corrosion inhibitors [27]. In most of these applications, the 
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physical arrangement of the ions at the interfaces plays a key role in determining the process 

efficiency (see Figure 2), as it controls processes as diverse as amphiphilic adsorption, colloidal 

stability, lubrication, heterogeneous catalysis or charge transfer [28]. 

 

Figure 2. The importance of interfacial layering of IL compounds in various applications. 

Regarding IL applications, the use of particle dispersions containing ILs – either as the main 

medium or as an additive – is receiving considerable attention (as discussed in more detail later 

in section 2.4) [3]. With the increasing importance of IL dispersions, it becomes imperative to 

focus on understanding the mechanisms behind the stabilisation of (nano)particles in ILs, since 

colloidal stability plays a crucial role in the success of these applications. A better understanding 

of the interactions in IL-containing dispersions enables the development of tailored materials 

with improved performance and durability, paving the way to fully exploit their potential [29]. 

2.2. Colloidal stability  

The applications described above make it clear that it is crucial to know and adjust the stability 

of IL-containing colloidal systems. The importance and dynamic character of stability can be 

well illustrated by heterogeneous catalysis [30, 31]. Accordingly, a stable dispersion of primary 

particles is essential during the catalytic process, while these stable dispersions are destabilised 

after completion of the reaction due to aggregation and subsequent filtering to remove the 

particles. However, before addressing the potential interactions between particles dispersed in 

ILs, it is important to clarify the origin of the interparticle forces that are normally responsible 

for colloidal stability in aqueous suspensions, as well as the parameters that influence the 

stability of charged particles in the presence of electrolytes. 



 

Doctoral (Ph.D.) dissertation Literature review 

8 

 

2.2.1. DLVO theory 

The DLVO theory (after the initials of the famous theoretical physicists Boris Derjaguin, Lev 

Landau, Evert Verwey and Theo Overbeek) can be used to efficiently explain the stability of 

aqueous dispersions of charged particles [32, 33]. It describes the total interaction energy (𝑉𝑇) 

between charged surfaces at a given separation distance (ℎ) as the sum of the van der Waals 

(𝑉𝑣𝑑𝑊) and the electric double layer forces (𝑉𝐸𝐷𝐿): 

 𝑉𝑇(ℎ) = 𝑉𝐸𝐷𝐿(ℎ) + 𝑉𝑣𝑑𝑊(ℎ) (1) 

Van der Waals forces are always present, and they arise from the interactions of the rotating 

or oscillating dipoles of atoms and molecules. In principle, these interactions can be described 

using the Derjaguin approximation, which applies to particles that are larger than the interaction 

range [34]: 

 
𝑉𝑣𝑑𝑊(ℎ) = −

𝑅𝐻

12ℎ
 (2) 

where 𝑅 is the particle radius and 𝐻 is the Hamaker constant, which specifies the strength of the 

interaction. In most cases, the Hamaker constant is positive, which means that the van der Waals 

force is attractive, and its value depends solely on the composition of the particle and the nature 

of the medium. 

The explanation of the electric double layer force involves the complex behaviour of particles 

suspended in a polar liquid medium. Typically, these particles acquire a charge through the 

dissociation of surface groups, isomorphic substitution, or adsorption of charged species (e.g., 

ions, polymers) from the solution. A charged particle suspended in an electrolyte solution tends 

to be surrounded by a cloud of ions. The distribution of the ions around the particle is not 

uniform and results in a structure termed the electric double layer (EDL), as the surface charge 

requires balancing by ions with opposite charges to maintain electroneutrality [35]. This layer 

consists of an excess of counterions (opposite sign to the particle charge) and a deficiency of 

coions (same sign as the particle charge). The simplest representation of the EDL (see Figure 3) 

involves the notion that certain ions are loosely bound to the surface and form the Stern layer, 

while others are located further away in an ionic atmosphere characterised by continuous 

thermal motion and referred to as the diffuse layer.  

In some cases, however, the separation of the EDL into a Stern layer and a diffuse layer may 

not provide sufficient insight for experimental interpretation. This is typically the case when a 
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distinction can be made between indifferent and specifically adsorbing ions. The Stern layer is 

then divided into two different regions: the inner Helmholtz layer (IHL) and the outer Helmholtz 

layer (OHL) [35]. The IHL is bounded by the surface and the inner Helmholtz plane (IHP), 

which passes through the centres of the specifically adsorbed ions, while the OHL lies between 

the IHP and the outer Helmholtz plane (OHP), which passes through the centres of the solvated 

ions at the distance of their closest approach to the charged surface and determines the beginning 

of the diffuse layer. The potential at the beginning of the diffuse part is called the diffuse-layer 

potential (𝜓𝐷). Note that indifferent ions adhere solely through Coulomb forces, i.e., they are 

repelled by surfaces with the same charge, attracted to those with an opposite charge, and show 

no particular preference for adsorption on an uncharged surface. Conversely, specifically 

adsorbing ions exhibit a chemical or specific affinity for the surface in addition to Coulombic 

interactions. The term “chemical or specific” is a collective adjective that includes all 

interactions beyond purely Coulombic ones.  

 

Figure 3. Schematic illustration of EDL structure and the characteristic distance-potential profile 

within the EDL. 

In systems containing a charged solid-liquid interface, the movement of the particle or liquid 

creates a boundary within the diffuse layer, which is the so-called slipping plane. Within this, 

the particles behave like a dynamic unit, as it separates the liquid layer that adheres to the surface 

from the liquid layer that moves relative to the surface [35]. The potential difference between 

the slipping plane and the interior of the fluid is called the electrokinetic or zeta potential (𝜁). 

This is an important parameter as its value can be directly determined empirically, e.g., using 

electrophoretic mobility, as explained later in section 4.2.2. In colloidal dispersions, the particles 

move by diffusion, which allows them to approach each other, and their EDLs may overlap, 
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leading to electrostatic repulsion between them, so that the interactions depend essentially on 

the EDL structure. The maximum potential occurs at the particle surface and decreases to zero 

at the boundary of the EDL, as it is electrically neutral. In general, there is a linear drop in 

potential in the inner layer, followed by an exponential decay to zero potential difference in an 

outer, diffuse layer (see Figure 3). 

The mathematical equations describing the electrostatic interactions between charged 

surfaces in a liquid medium go back to the theory formulated by Gouy and Chapman [36]. They 

integrated thermal energy and Coulomb interactions into a statistical framework to describe 

these phenomena. For higher surface charge densities (i.e., particles with high electrostatic 

potential) and at smaller surface distances, the repulsion between the double layers can be 

quantified by applying the complex Poisson–Boltzmann equation between two identical plates 

[37]. In the simplest situation, when the surface charge density (i.e., the surface potential) is low, 

the Debye–Hückel approximation can be applied [38]: 

 𝑉𝐸𝐷𝐿(ℎ) = 2𝜋𝜀0𝜀𝑅𝜓𝐷
2 𝑒−𝜅ℎ (3) 

where 𝜀0 and 𝜀 are the dielectric permittivity of the medium and the vacuum, respectively, while 

𝜅−1 is the Debye length, a fictitious constant used to estimate the thickness of the EDL, which 

depends on the ionic strength (𝐼), among other parameters, as follows [35]: 

 

𝜅−1 = √
𝜀𝜀0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
 (4) 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝑁𝐴 is the Avogadro number, 

and 𝑒 is the elementary charge. The Debye length therefore depends only on the properties of 

the solution (ionic strength, dielectric constant, and temperature) and not on those of the surface. 

It is important to emphasise that the repulsion between the EDLs is not only of electrostatic 

origin. The potential profile that arises between two charged particles causes differences in the 

ion concentrations within the gap between these objects compared to the bulk solution [39]. 

These differences create an osmotic pressure that generates a force between the objects. 

The structure and dimension of the EDL and thus the overall DLVO interactions can therefore 

be tuned by adding electrolytes to the samples [40]. Accordingly, surfaces with a high charge 

density in contact with a dilute electrolyte solution (low 𝐼) show a pronounced repulsion over 

large distances. This repulsion peaks at a certain distance, resulting in an energy barrier when 

considering the DLVO force (Figure 4a), which is the sum of the repulsive EDL and attractive 



 

Doctoral (Ph.D.) dissertation Literature review 

11 

 

van der Waals forces. The potential energy well at contact is the thermodynamic equilibrium 

state for each system, while the particles that remain fully dispersed are in a kinetically 

determined stable state. As the ionic strength increases, the surface charges are compensated at 

a smaller distance, i.e., the thickness of the diffuse layer decreases. As a result, the energy barrier 

between the particles drops considerably, allowing them to approach each other in the range of 

van der Waals forces, which leads to aggregation. Once the surface charge density approaches 

zero (high 𝐼), the repulsive contribution is practically non-existent and the two surfaces attract 

each other strongly at all distances. 

 

Figure 4. (a) Schematic DLVO plots show how the attractive van der Waals (red) and repulsive 

EDL forces (blue) together determine the total interaction potential (DLVO force, brown) 

between two charged surfaces in aqueous electrolyte solutions at different ionic strengths. (b) 

Variation of the aggregation rate constant of particle dimer formation with ionic strength. 

When examining the aggregation rate as a function of electrolyte concentration, a distinct 

pattern can be observed (Figure 4b). At low ionic strength, charged particles have low or 

undetectable aggregation rates. However, as the salt concentration increases, the aggregation 

rate rises sharply as the energy barrier decreases, corresponding to the slow aggregation regime. 

Beyond a specific salt level, particles tend to aggregate rapidly, indicating the fast aggregation 

regime. The boundary between these two states is defined as the critical coagulation 

concentration (CCC) and marks a clear transition from slow to fast aggregation. The CCC serves 

as a precise measure to quantify the destabilising power of a particular electrolyte. 

DLVO theory is often used to understand the stability and phase behaviour of lyophobic 

colloids, as it provides a good description of the interaction potential in simple colloidal 

dispersions. In complex aqueous systems, however, it has its limitations due to simplifications 

of the Poisson–Boltzmann theory. For example, the solvent is represented as a dielectric 

continuum, while the finite-size effects between ions, their chemical specificity, and the effect 
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of multivalent counterions are not taken into account. These shortcomings can cause the DLVO 

theory to fail in the interpretation of experimental data, especially in aqueous systems with high 

ionic strength. When the DLVO framework is not sufficient to explain certain experimental 

effects, non-DLVO forces come into play, such as hydration, hydrophobicity, specific ion 

effects, depletion, ion fluctuation, and polymer bridging [41-44]. 

2.2.2. Colloidal stability in ionic liquids 

When explaining colloidal stability in IL-based particle dispersions, it becomes clear that the 

conventional DLVO theory faces major challenges. Due to the high ion concentration, it is 

expected that the surface charge of the particles is completely shielded so that electrostatic 

stabilisation cannot be assumed. This would mean that stable dispersions in ILs could not be 

prepared based on the DLVO theory. However, data from the literature indicate the opposite, 

i.e., stable dispersions exist in ILs [45, 46]. Moreover, the densely-packed ionic compounds in 

pure ILs behave far beyond the assumptions of Poisson–Boltzmann theory, which neglects the 

molecular nature of the solvent by representing it as a dielectric continuum medium. 

Consequently, it lacks any fluctuations in the ion concentration profile and does not take into 

account the local perturbations of the solvent structure around the particles. It also neglects any 

steric effects between the ions, which are considered to be point-like. However, regarding 

colloidal stability in ILs, these interactions are crucial and understanding them leads to many 

challenges that need to be addressed.  

When a charged surface is immersed in a solvent composed entirely of ions, the prediction 

of the formation of an electric double layer, which is common in aqueous solutions, becomes 

unpredictable due to the complex interactions between ions in bulk ILs. Another issue is the 

uncertainties related to the dielectric constant, which is crucial for the description of electrostatic 

interactions. Surprisingly, ILs have moderate dielectric constants despite their ionic composition 

[47]. Moreover, the concept of ionic strength is also a matter of debate. There are questions 

regarding the complete dissociation of ILs and whether the dissociated fraction should be 

included in the calculation of ionic strength. Some authors rely on the definition of ionicity 

derived from the molar conductivity ratio (𝛬𝑖𝑚𝑝 𝛬𝑁𝑀𝑅⁄ ) [16], where 𝛬𝑖𝑚𝑝 is calculated from the 

ionic conductivity measured by the electrochemical impedance method and relies on the 

migration of charged species in an electric field, while 𝛬𝑁𝑀𝑅 is estimated from the ionic 

self-diffusion coefficients obtained by nuclear magnetic resonance and assumes that each 
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diffusing species detected by this technique contributes to the molar conductivity. This ratio is 

therefore intended to represent the self-dissociativity of ILs, i.e., it indicates the proportion of 

ions (charged species) that contribute to the ionic conductivity out of all diffusing species. 

Others assume that the ILs are completely dissociated and that the ionic strength of the system 

can be determined from the molar concentration of the IL constituents [46]; while others treat 

ILs as dilute electrolytes consisting of neutral clusters with a low dissociation ratio [48]. 

The difficulty in defining the ionic force also leads to an ambiguous definition of the Debye 

length (as shown in eq 4). Attempts to calculate the Debye length in ILs have led to contradictory 

and often implausible results. When the ionic strength is determined based on the molar 

concentration of IL ions, 𝜅−1 is estimated at an angstrom level [49]. Alternatively, when the ILs 

are considered dilute electrolytes with a low self-dissociation constant, the Debye length 

assumes more reasonable values of about 10 nm [48]. However, it remains doubtful whether 

such a description truly reflects the intrinsic nature of an IL.  

It has been observed that solid particles form a stable colloidal system in corresponding ILs 

[45, 46, 49-51], which contradicts the DLVO theory – as it predicts the existence of unstable 

dispersions at high electrolyte (ion) concentrations. Various oxide nanoparticles [51, 52], clay 

minerals [53, 54] and transition metal nanoparticles [45, 55] were dispersed in ILs, which in 

many cases also served as a medium for particle synthesis [56, 57]. Note that in addition to ILs, 

stable colloids were also obtained in molten inorganic salts due to charge density oscillations 

around the dispersed particles [58]. To resolve the apparent contradiction between the DLVO 

theory and the stability of IL-based dispersions, extensive research has begun to investigate the 

origin of the stabilising forces in various IL-particle systems [6, 51, 59, 60].  

In general, two main types of stabilisation mechanisms were assumed. Based on the results 

obtained by atomic force microscopy [46, 61], the first theory proposed that IL layering on the 

surface occurs by sequential adsorption of IL components at the interface, which is associated 

with the emergence of repulsive oscillatory (step-like) forces that cause stabilisation of particle 

dispersion (Figure 5a). The oscillations are measured for surface separations between 1–5 nm 

and have the dimensions of an ion pair. This suggests that more ordered interfacial arrangements 

decay into the bulk structure over a few ion-pair diameters.  

Note that force-distance experiments do not distinguish between the limiting cases of fully 

charge-separated ion layers, such as discrete alternating cation-anion layers, and completely 
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charge-neutral mixed ion layers. The only limitation is that the film expelled from between the 

surfaces during each film-thickness transition is net neutral, which can be consistent with 

various ion arrangements. Recent studies suggest that most IL interfaces are likely to consist of 

ion layers that lie between these limits (Figure 6). 

 

Figure 5. Schematic representation of the interfacial arrangement of ILs. (a) Layered adsorption 

leads to the formation of repulsive solvation forces, while (b) adsorption and partial dissociation 

of IL components lead to repulsion by electrostatic interactions. 

The other theory is that ILs behave as an effectively neutral, coordinated cation-anion 

network that is in equilibrium with a small fraction of dissociated IL ions that screen charged 

surfaces by forming an electrical double layer (Figure 5b) [48]. Coordinated refers to specific 

interactions that may be present in addition to the electrostatic interactions, such as hydrogen 

bonding. In this case, long-range forces with a characteristic exponential decay length of about 

10 nm were observed [62, 63], thus it is assumed that electrostatic interactions are responsible 

for the stability of the particles.  

An emerging consensus is that non-electrostatic intermolecular forces play a crucial role and 

that their interplay with electrostatic forces leads to the formation of rich mesoscale structures 

that govern the surface-mediated interactions [64-66]. Accordingly, ILs appear to exhibit 

fundamental characteristics traditionally associated with both dilute electrolyte solutions – 

long-range, monotonic, exponentially decaying forces – and highly concentrated (aqueous) 

electrolyte solutions – short-range, oscillatory forces (Figure 6). When charged surfaces are 

placed in IL solutions, the dissolved ions form several bound ion layers immediately adjacent 

to the surfaces, which partially neutralise the surface charge. This regime typically extends 

between 1–5 nm from the surface and the bound ion layers lead to oscillatory forces that have 

similar range and amplitude to the short-range forces resulting from the IL nanostructure [63]. 

For molecularly smooth surfaces, the regime of short-range forces is always present, but the 

regime of long-range forces may or may not be present. Long-range forces appear to be more 

probable for highly charged surfaces and/or larger ions [66] and they can extend more than 
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10 nm beyond the short-range forces. In contrast, these interactions typically occur over shorter 

distances in concentrated aqueous electrolytes, as the decay length is between 0.5–2 nm [63]. 

This is related to the higher (bulk) dielectric permittivity of the electrolyte solutions relative to 

the dielectric permittivity measured for ILs. Although several systems have been studied 

recently using different methods, there is no consensus in the scientific community on whether 

any of these mechanisms can be generally applied or not [60, 64]. 

 

Figure 6. Schematic representation of the short-range oscillatory forces and long-range double 

layer forces for ionic liquids in contact with charged surfaces. The exact length of the regimes 

depends on the specific IL-surface combination.  

To clarify the effect of interfacial self-assembly of IL constituents from a colloidal point of 

view, the aggregation mechanism of solid particles in ILs and their water mixtures was 

investigated by time-resolved light scattering [59]. It was found that aggregation rates vary 

systematically with the molar ratio of IL to water (Figure 7), and the mechanisms underlying 

particle stability are very different in dilute and concentrated ILs. On the water-rich side, the 

aggregation rate is initially insignificant but increases rapidly with increasing IL content, 

eventually reaching a plateau value. This behaviour is similar to that of inorganic salts (Figure 

4b) and can be explained by the DLVO theory. The fact that dilute aqueous IL solutions closely 

resemble inorganic salts has been confirmed in several studies [67-70]. However, on the IL-rich 

side, aggregation proceeded slowly, with stabilisation occurring by two mechanisms. Viscous 

stabilisation – which predominates in highly viscous ILs – slowed down diffusion-controlled 

aggregation due to hindered diffusion in a viscous liquid. In contrast, on the IL-rich side, the 

solvation stabilisation led to a significant decrease in aggregation rates, which can be explained 
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by the previously introduced mechanism (Figure 6). Note that in studies dealing with colloidal 

stability in ILs, no evidence was found for the effect of long-range electrostatic repulsion 

between particles [6, 49, 71].  

 

Figure 7. Illustration depicting how the rate and mechanism of aggregation vary with the 

IL-to-water ratio based on reference [59]. 

It is assumed that these two stabilisation mechanisms are generally valid, while the range in 

which these mechanisms are valid depends strongly on the quality of the ILs [59]. When the IL 

anions are miscible with water (e.g., SCN−, DCA−, right side in Figure 1), both stabilisation 

mechanisms can be observed, and solvation stabilisation can be effective even in ILs with a 

water content of 10 mass per cent. However, for water-immiscible IL anions (e.g., BF4
−, left side 

in Figure 1), the main mechanism is viscous stabilisation, while solvation stabilisation plays no 

role unless the IL is extremely dry. Overall, the stability of IL-based colloidal dispersions is 

highly dependent on the cation-anion combinations, which is why the aggregation processes are 

neither fully understood nor predictable so far [60].  

2.3. Effect of parameters on the colloidal stability of IL-containing dispersions 

The previous sections illustrate the central role of interfacial structuration of ILs on solid 

surfaces, a factor of paramount importance for various phenomena, including colloidal stability. 

Therefore, it is essential to thoroughly consider the effects of all factors that can alter ion 

arrangement to ensure the success of applications. These factors include the presence of 

dissolved impurities, such as water or salt, and the distinct affinities of individual IL constituents 

to different particle surfaces (i.e., ion-specific effects), as these variables can significantly affect 

the formation and properties of IL layers at the interface. 
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2.3.1. Effect of trace water and salt impurities 

The purity of the ILs used as a dispersion medium plays an important role in the aggregation 

mechanism of particles, as it can alter the forces between the particles in IL-based colloidal 

systems. Many applications of ILs require homogeneously dispersed (nano)particles in a wide 

range of experimental conditions [3, 72]. Therefore, the consequences caused by the presence 

of water and/or salt impurities or additives in such systems are of great importance.  

Understanding the impact of water – whether intentionally introduced or occurring 

unintentionally in the system – is crucial from an application standpoint. Water not only alters 

the physicochemical properties of ILs [73, 74] but also affects the interfacial structuration of IL 

compounds at solid-liquid interfaces [75, 76] and thus the colloidal stability of an IL-based 

dispersion [45, 46, 59, 77, 78]. Note that water can often be present in ILs due to their 

hygroscopic nature [79]. Certain phenomena appear to be highly dependent on the water content 

of the IL medium, which has a profound effect on their bulk, and hence the interfacial properties 

[8, 80]. Water can also act as an additional ligand during synthesis and alter the kinetics of 

particle formation [81]. Conversely, ILs lose their fundamental properties when the water 

content predominates but can still function like conventional surfactants [56]. 

An important aspect is a substantial change in viscosity in an IL/water system – compared to 

pure IL – which greatly affects the transport properties of the medium. The presence of even a 

small amount of water in ILs can significantly reduce their viscosity [73, 74]. This property is 

beneficial for numerous industrial applications, as viscosity has an obvious impact on ionic 

conductivity, mixing, solute transfer, dispersion, filtration, and equipment selection [82]. The 

unique trait of nanoparticle dispersion with low viscosity in IL-water mixtures holds the 

potential to broaden their range of applications [83]. However, as mentioned above, the presence 

of water – even in trace amounts – can significantly affect the stability of dispersions in ILs and 

limit their applicability [46, 51]. Although such a small amount of water cannot influence the 

bulk properties significantly, water molecules penetrate the IL interfacial layer to interact 

directly with the particles. Water is believed to play a role in disrupting or displacing the IL ions 

within the solvation layer at the surface of the particles, which is considered to be the underlying 

cause of the instability observed in IL dispersions containing certain amounts of water. 

Due to their high thermal stability, low volatility, and wide electrochemical window, ILs are 

suitable electrolytes for electrochemical applications. The addition of salts or nanoparticles can 
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further enhance conductivity and electrolyte stability, leading to improved performance and 

safety in energy storage devices [84, 85]. However, the presence of salt can impair the self-

assembly of IL compounds on solid surfaces [86, 87]. Research merging IL dispersions and 

inorganic salts has mainly focused on the development of batteries and supercapacitors [85, 88]. 

To date, most of these studies have focused on the solvation of Li+ in ILs due to the great interest 

in Li-ion batteries [89]. When adding inorganic salts to the IL dispersion, it is important to ensure 

that the mechanical performance is improved without compromising the transport properties 

and colloidal stability. It has been shown that the presence of Li+ ions in colloidal silica–IL 

dispersion alters the microstructure of the system and has a strong influence on the structuring 

of the interface [86]. In contrast, an AFM study performed in an IL doped with LiCl on the 

Au(111) surface revealed that LiCl reduces the force required to rupture the near-surface layers, 

indicating a weakened IL structure [87]. The authors concluded that the presence of LiCl alters 

the interfacial nanostructure of ILs, either by weakening the electrostatic domains or by 

modifying the Hamaker constant near the surface, leading to stronger attraction. Nevertheless, 

there is a lack of comprehensive studies reporting on how dissolved salts affect the colloidal 

stability of IL-based dispersions, particularly concerning particle aggregation rates. 

Overall, it can be generally stated that the presence of impurities alters the interactions and 

structure of the ILs, thereby affecting the stability of the colloidal dispersions. Furthermore, the 

specific behaviour of an IL/surface combination depends on the details of the molecular 

structure of the ions and the ion/surface interactions [90]. 

2.3.2. Ion-specific effect 

The specific ion effects on interfacial features are universally observed in biological, chemical, 

medical, and industrial research. Besides, the dissolved ions in a solution have a direct effect on 

its physicochemical properties [91]. In this context, the key factor is the specific identity of the 

ions involved, rather than solely their charge or concentration, as suggested by widely accepted 

colloid theories, such as the Debye–Hückel theory. This phenomenon is classified as the 

Hofmeister series of ions – a concept initially formulated by Franz Hofmeister in 1888 to express 

the stabilising power of inorganic salts in protein solutions [92]. Accordingly, negatively 

charged proteins form stable solutions even in the presence of high concentrations of ions 

located on the right-hand side, while the ions on the left-hand side cause their precipitation even 

at low concentrations (Figure 8). 
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Figure 8. Hofmeister series for anions and cations. The series applies to hydrophobic particles 

with low surface charge in the presence of monovalent electrolytes. 

Since then, it has been shown that ions can be ordered following the same sequence – 

completely or partially – based on many other phenomena, such as the surface tension or 

viscosity of electrolyte solutions, the dissolution heats of salts, the binding of ligands, and the 

charge of proteins or polyelectrolytes [93-97]. Particle aggregation typically follows the same 

series [67, 98-102], i.e., negatively charged hydrophobic particles (e.g., sulfonated latex [100], 

halloysite nanotubes [67]) follow the direct Hofmeister series (see above), with the less hydrated 

ions on the left inducing lower CCCs, while the ions on the right inducing higher ones. 

Conversely, positively charged particles (e.g., amidine latex [101]) follow the (reverse) indirect 

Hofmeister series and the ions on the left-hand side lead to higher CCCs, whereas the ones on 

the right induce lower values. For hydrophilic particle dispersions (e.g., protein-coated 

polystyrene particles [103]), the trend is reversed, meaning that ions have the opposite effect on 

the CCC values. Note that this tendency cannot be always unambiguously detected, and partially 

reversed sequences have also been reported [104]. 

To understand the Hofmeister effects, it is important to consider not only the properties of 

the dissolved ions but also the characteristics of the surface involved [103]. Although DLVO 

theory cannot distinguish between different types of ions of the same valence, ion specificity 

can be introduced by assuming that the salt components can interact specifically with the 

surface. This assumption is based on the fact that the affinity of the ions to the particle surfaces 

differs considerably so that their adsorption changes the surface charge to a different extent. In 

the case of counterions, adsorption reduces the charge and weakens the EDL forces [41, 105]. 

The position of an ion in the Hofmeister series can be qualitatively related to either its 
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hydrophobicity or its degree of solvation [106]. However, these effects cannot be strictly 

separated and are also dependent on the properties of the particles, so the observed series may 

differ to some extent [101, 104]. 

Ion specificity is of great importance in the case of ILs, as they consist entirely of ions. To 

place the IL constituents into the Hofmeister series, ion-specific effects were first studied on 

protein solubilisation and enzymatic activity in aqueous solutions of ILs [107, 108]. The 

influence of the ion-specific effect on the interfacial interactions was also systematically 

investigated using optical tweezers [109] and atomic force microscopy [69] in aqueous IL 

solutions. The main conclusion from these studies was that cations or anions have different 

affinities for certain surfaces, leading to different changes in the properties of the particle 

interface, which are reflected in the different electrostatic repulsive forces between the particles. 

On this basis, IL constituents can be classified based on their adsorption affinity for a particular 

surface, similar to conventional inorganic ions, according to the Hofmeister series. 

Since the interfacial arrangement of the IL components is of crucial importance for the origin 

and magnitude of the resulting interparticle forces in IL dispersions, particle aggregation in 

aqueous IL media has been also studied [67, 68, 110]. Furthermore, the determination of the 

CCC for uniform particles provides a reliable measure of the position of the IL constituents 

within the Hofmeister series. Under these conditions, ILs tend to dissociate into individual ions, 

making them very similar to inorganic electrolytes. For negatively charged latex particles, an 

increase in the alkyl chain length of the IL cations, which increased their hydrophobicity, 

resulted in lower CCC values due to their higher affinity for the hydrophobic surface of the 

particles [110]. However, for positively charged latex particles, the lengthening of the carbon 

chain had no significant effect on the stability of the system. Similar results were obtained 

regarding the sensitivity of aggregation to the hydrophobicity of IL cations in the case of 

hydrophilic titanate nanoparticles, where the charge of the particles was modified by changing 

the pH instead of surface functionalisation [68]. However, the destabilising power of IL cations 

showed a reverse order to that observed in the case of hydrophobic latex particles. This 

underscores the significance of the hydrophobicity of the particles relative to the IL-forming 

ions concerning the accumulation of ILs at the interface. This type of evaluation of the 

particle/IL interactions made it possible to extend the original Hofmeister series with IL cations 

and anions [67, 110]. 
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The importance of the ion-specific effect is also evident in the synthesis of particles in IL 

media, i.e., the preparation of gold and copper nanoparticles by thermal evaporation was 

significantly influenced by the composition of the ILs [111]. Methylimidazolium salts with short 

alkyl chains and with weakly coordinating perfluorinated counter anions (such as PF6
−, BF4

−, or 

Tf2N
− (Tf=trifluoromethanesulfonyl)) are better stabilisers than ILs with cations bearing long 

alkyl chains (such as trihexyltetradecylphosphonium or 1-octyl-3-methylimidazolium) and 

anions of higher coordination strength (dicyanamide). The stability of the resulting colloids and 

the final particle size were notably influenced by the specific interactions between the metal and 

the IL, rather than by bulk properties such as viscosity and surface tension. 

Ion specificity is also important in terms of the nature of the counterions present at the 

interface of nanoparticles in water at the initial stage of synthesis, as this has a strong influence 

on the physical properties of the particle dispersions when transferred to IL [51, 112]. Some of 

these ions remain close to the surface of the nanoparticle in the IL, modifying both the 

particle/particle and particle/IL interactions. The interface is modified by the charge-

compensating ions compared to pure IL, due to the size mismatch between the counterion and 

IL, which disrupts the interfacial assembly of ILs and thus affects the stability of the dispersion. 

Overall, in IL-based media, many ionic specificities – including ionic size and shape, 

hydrogen bonding, hydrophobicity, and the ability to form layers and structures via solvation 

forces – have been shown to impact local and global properties, both at interfaces and in bulk 

materials [111-113]. It also has a strong effect on the stability of IL-containing dispersions, 

which often hinders the applicability of colloidal systems. Therefore, precise measurements of 

aggregation rates and surface charges are required to further investigate the effects of IL 

constituents on interparticle forces and the colloidal stability of particle dispersions. 

2.3.3. Tuning the colloidal stability 

With the growing importance of IL-particle systems in various applications, fundamental 

research has increasingly focused on understanding and tuning the colloidal stability of 

nanoparticles in ILs. To obtain processable dispersions, nanoparticles often require stabilisation, 

whether they are synthesised directly in an IL or in another medium prior to transfer into the IL. 

Several approaches have been explored in the past to stabilise nanoparticles in ILs [60]. In 

certain instances, the particles could be stably suspended in ILs without the addition of classical 

stabilisers [46, 71, 86], while in other cases surface modification was required [114, 115]. 
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For example, when maghemite nanoparticles were synthesised in water and later transferred 

to the IL BMIMBF4, the dispersion was unstable unless the water was removed by vacuum 

pumping [116]. The stability was attributed to the formation of IL layers at the interface between 

nanoparticles and IL, which hindered the contact between the particles, while the water at the 

interface disrupted these layers, leading to aggregation. However, contradictory data can also be 

found in the literature regarding maghemite and ILs [70], where the bare nanoparticles lead to 

stable dispersions in the two ethyl-methylimidazolium ILs (namely EMIMAc and EMIMSCN) 

after the removal of water and sonication, but only to short-lived dispersions in BMIMBF4. Note 

that the authors of reference [116] did not specify the pH conditions before transferring 

nanoparticles into the IL, making it impossible to determine the initial surface charge of the 

particles. This lack of information makes it difficult to compare the results of these two papers 

and to understand the reasons for their differing results. 

If the bare particles are not stable in ILs, one approach is to graft polymers to their surface. 

When these polymer-grafted particles approach each other, the polymer layers can generally 

undergo some compression, resulting in a strong repulsion that is referred to as steric repulsion. 

The physical basis of this interaction is a combination of entropic and osmotic contributions 

[117, 118]. The adsorption of polyelectrolytes in the presence of IL can lead to a variety of 

conformations (Figure 9) that have a decisive influence on the degree of attraction and repulsion 

that occurs [49].  

 

Figure 9. Schematic representation of the effect of the polymer coating on colloidal stability, 

depending on solvent interaction. Good solvent (left): Extended chains create a steric barrier 

that increases stability. Poor solvent (right): Collapsed chains provide limited repulsion and 

promote aggregation. 

When the IL is a good solvent for the polymer – the interactions between the polymer 

segments and solvent molecules are energetically favourable – the polymer coils expand and 

generate steric repulsion [70]. Similar stabilisation can also be achieved by the adsorption of a 

long-chain surfactant on the particle surface [119]. However, this approach was ineffective when 
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the IL was a poor solvent for the polymer, as it led to collapsed polymer chains on the colloid 

surface, which caused limited steric repulsion and promoted aggregation [70]. 

An alternative approach is to coat the surface of the nanoparticles with one of the ions that 

form the ILs themselves [114]. For example, the surface of maghemite nanoparticles was 

modified by silanisation to introduce positively charged imidazolium moieties on their surface. 

This modification enabled stable dispersions in an imidazolium-based IL with up to 50 mass per 

cent. The resulting magnetic IL dispersion exhibited remarkable stability, even under high 

magnetic fields, due to a supramolecular structure that effectively prevents aggregation. In 

addition, IL-based polymers have also emerged as stabilising agents [120]. Yet, their effects on 

the colloidal stability of particles are not fully understood. Although there is some data in the 

literature on surface modification, stabilisation, and extraction of nanoparticles using IL 

polymers [121, 122], the aggregation properties of colloidal suspensions in the presence of IL 

polymers and the ion-specific effect in such systems have not been addressed. 

Overall, many studies have attempted to shed some light on the mechanisms leading to the 

colloidal stabilisation of nanoparticles in the presence of ILs. However, further measurements 

are needed to resolve the existing contradictions and to gain a more comprehensive 

understanding of this topic. 

2.4. Application of IL-containing particle dispersions 

Nanoparticles possess distinctive physical characteristics that make them valuable in numerous 

applications such as catalysis, nanocomposites, electrochemistry, biotechnology, chemical 

analysis, diagnostics, drug delivery, and medicine [123, 124]. These applications benefit from 

novel properties like electronic and optical attributes, which stem from the large surface area-

to-volume ratio and quantum confinement effect inherent in nanoparticles due to their nano-

scale dimensions. ILs can form various structures with nanoparticles, depending on the balance 

of intra- and intermolecular interactions between them [60]. These novel functional materials 

demonstrate remarkable synergies, exploiting the combined properties of both components to 

achieve superior performance [3]. 

These hybrid systems hold significant promise for a range of electrochemical applications. 

By synergistically enhancing the properties of an electrolyte through a greater diffusion 

coefficient, higher electrical conductivity, and better thermal and electrochemical stability, they 

become promising for use in batteries and solar cells [84]. For this application, various structures 
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of IL and nanoparticle hybrids have been constructed, among which nanoparticle dispersions in 

ILs and IL-grafted nanoparticles are the most common [3]. For example, when 0.5 wt% of gold 

nanoparticles were incorporated into 1-ethyl-3-methylimidazolium ethylsulphate IL, the 

capacitance of the resulting electrolyte was increased by 190% and the ionic conductivity was 

also significantly enhanced [125]. Similarly, copper nanoparticles encapsulated within a carbon 

shell improved the performance of IL-based electrolytes in dye-sensitised solar cells by 

increasing the diffusion coefficient and electrical conductivity [3]. 

The unique characteristics of IL and nanoparticle hybrids show further promise in catalysis. 

For this use, nanoparticles (usually metal) can be simply dispersed (or synthesised) in ILs, or 

chemically bonded with ILs, which serve as a solvent, stabiliser, ligand and support for the 

nanoparticles. ILs provide a versatile liquid platform for hosting transition metal nanoparticle 

catalysts, offering steric and electrostatic stabilisation to prevent nanoparticle aggregation [31, 

81]. These catalytic systems typically operate in multiphase environments in which the metal 

nanoparticles, dispersed in the ILs, form the denser phase and the substrates and product remain 

in the upper phase; hence the ionic catalytic solution is easily recovered by simple decantation. 

With the advantage of easy recovery, rationally designed metal nanoparticle/ILs hybrids have 

been successfully applied as catalysts for various reactions such as the hydrogenation of alkenes, 

arenes and ketones, hydrodehalogenation of aryl chlorides, and Heck, Suzuki, Stille, 

Sonogashira and Ullmann coupling reactions [31, 81]. The surrounding IL layer stabilises the 

nanoparticles, enabling their recyclability without compromising catalytic performance. 

Nanoparticle-supported ILs offer another hybrid approach that combines the advantages of 

homogeneous and heterogeneous catalysis. For example, when TiO2 was covalently 

functionalised with an IL, a remarkable improvement in the photoelectrochemical water 

oxidation performance was achieved [126]. This was demonstrated by a ten-fold increase in 

photocurrent compared to unmodified TiO2 and a 37% increase in charge transfer efficiency. 

Long-term tests showed enhanced photo-stability of IL-TiO2, which was attributed to synergistic 

effects between IL and TiO2. 

Moreover, ILs have emerged as a promising alternative to conventional solvents in the 

delamination of layered materials. Their main advantage lies in their ability to facilitate one-step 

delamination in a liquid phase and the subsequent stabilisation of the resulting 2D nanosheets 

in dispersions [9, 127-129]. The liquid phase delamination is preferred due to its simplicity, 
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efficiency, scalability, and ability to achieve uniform dispersion of nanomaterials. ILs achieve 

this by shielding attractive interactions between charged layers through repulsive solvation 

forces generated by the self-assembly of IL constituents on the surface, which promotes the 

collapse of stacked structures and subsequent delamination into unilamellar nanosheets. Such a 

phenomenon was first demonstrated in IL-graphene systems [9, 127]. Since then, ILs were 

successfully used to prepare stable and highly concentrated suspensions of a variety of layered 

materials, including black phosphorus [128], titanium disulphide [129] and boron nitride [130]. 

Among these layered materials, layered double hydroxides (LDHs) are one of the most 

intensively studied lamellar materials because the chemical composition of both the metal 

hydroxide layers and the intercalated anions can be precisely controlled, which is particularly 

advantageous for the desired application. They consist of positively charged mixed metal 

hydroxide layers – i.e., divalent (e.g., Mg2+, Ca2+ or Zn2+) and trivalent (e.g., Al3+, Fe3+ or Cr3+) 

metal ions coordinated by hydroxide groups – while in the interlamellar space, different types 

of charge-neutralising anions can be present together with water molecules [131]. The metal 

cations found in the LDH structure primarily belong to the third and fourth periods of the 

periodic table due to their ionic radii, which are suitable for this type of structure. Due to their 

distinctive anisotropic structure, they are among the few layered materials with a positive 

structural charge that enables the adsorption or intercalation of inorganic and organic anions 

[132-135]. In addition, LDHs can also be used as basic building blocks for functional materials 

used in catalysis [136, 137], drug delivery [133, 138, 139], and electrochemistry [140]. In 

addition, there is a growing contemporary interest in the application of LDH-IL systems. 

Accordingly, a solid electrolyte has been synthesised by impregnating LDH with IL and 

implemented in batteries for advanced energy storage applications [89]. The synthesis of LDH 

with the assistance of ILs resulted in the formation of particles with a high specific surface area, 

which were used for phosphate removal in water treatment processes [141]. LDH-IL systems 

also have potential applications in creating composite materials [142, 143] as the characteristics 

of the inorganic matrix can be combined with specific ILs to result in a synergistic effect, 

influencing the selection and adjustment of properties. However, although LDHs hold promise 

as potential sources of 2D materials and previous reports have investigated IL-LDH composites, 

there is a lack of comprehensive studies evaluating the potential delamination of layered LDHs 

into 2D double hydroxide materials in pure IL media.  
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3. Objectives 

The main objective of this dissertation is to comprehensively investigate the colloidal stability 

and interfacial properties of ILs in colloidal dispersions to understand the fundamental 

mechanisms that determine their stability and interactions. The charge and aggregation 

relationships of the different particles in these dispersions are aimed to be understood, focusing 

on the effects of variables such as IL composition, water and salt content. By systematically 

exploring these physicochemical parameters, the factors that determine colloidal stability in 

both aqueous and pure IL dispersions may be elucidated, paving the way for their effective use 

in certain applications. 

Our second aim is to unravel the influence of ion specificity on the stability of IL-containing 

dispersions. Accordingly, the affinity of IL constituents to the surfaces of latex particles with 

similar charge but different surface functionality was investigated. Based on the concept of the 

Hofmeister series, this exploration was carried out by following the charging and aggregation 

features in aqueous IL solutions, while the IL structures were systematically modified so that 

the IL compounds could be classified according to their affinity to the particle surface, and their 

destabilising power. 

The third objective focuses on understanding the interactions between IL constituents and 

layered materials, specifically LDHs. Again, the charging and aggregation features in aqueous 

IL dispersions were studied to identify the most suitable ILs for efficient exfoliation and 

stabilisation of LDH materials in IL dispersions. 

Building on the observed affinity of IL constituents to LDH surfaces, our fourth aim is to 

prove the concept of LDH delamination using ILs under ambient conditions. By selecting 

appropriate ILs with favourable interfacial properties and moderate viscosities, the goal was to 

demonstrate a one-step delamination process for LDHs leading to the preparation of 2D double 

hydroxide nanosheet dispersions. 

Through these objectives, this dissertation aims to provide valuable insights into the complex 

world of IL-containing colloidal systems, bridging the gap in our understanding of their 

fundamental interactions. By addressing these objectives, this research seeks to improve the 

applicability and effectiveness of IL-based dispersions in various scientific and technological 

fields. 
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4. Experimental part 

4.1. Materials 

During sample preparation, ultrapure water was obtained from a Puranity TU+ (VWR) 

apparatus. The water and the electrolyte solutions were filtered with a 0.1 μm syringe filter 

(Millex) to remove insoluble impurities. The pH of the suspensions was adjusted by HCl 

(Sigma) and NaOH (VWR) and the measurements were carried out at 25 °C. 

Spherical polystyrene latex particles functionalised with sulphate (SL) or amidine (AL) 

groups were purchased from Thermo Fischer Scientific, with a mean diameter of 430 nm and 

510 nm, respectively. The manufacturer determined these values using transmission electron 

microscopy (TEM). 

The LDHs discussed in the present thesis were prepared by the flash co-precipitation method 

followed by hydrothermal treatments [144, 145]. Briefly, a mixed metal ion solution was 

prepared by dissolving the appropriate amount of Mg(NO3)2∙6H2O (Sigma-Aldrich) and 

Al(NO3)3∙9H2O (Sigma-Aldrich) to obtain 0.2 M and 0.1 M concentrations, respectively. The 

salt solution was then mixed under an N2 atmosphere, while the pH was adjusted to 10 with a 

4.0 M NaOH solution (VWR). After being vigorously stirred for 30 minutes, the sample 

underwent centrifugation and was washed with water. The resulting slurry was then redispersed 

and transferred to an autoclave for treatment in an oven set at 120 °C for 24 hours. The sample 

was then allowed to cool to ambient temperature before being separated and dried overnight at 

50 °C. 

To prepare the mesoporous LDH particles for the delamination part, 100 mL of 30 mM 

sodium dodecyl sulphate (Sigma-Aldrich) was added to the original LDH dispersion [146]. The 

resulting slurry was stirred for 12 hours at 60 °C and pH 8.5. Subsequently, the surfactant 

content was removed by calcination at 510 °C for 12 hours, and the resulting layered double 

oxide compounds were rehydrated to reconstruct the LDH structure. The obtained slurry was 

then stirred at 50 °C for 96 hours, followed by repeated filtration, washing and drying steps to 

obtain the final product. 

Analytical grade potassium chloride (KCl) was purchased from VWR. Among ILs 

1-butyl-3-methylimidazolium chloride (BMIMCl), 1-butyl-2-methylpyridinium chloride 

(BMPYCl), 1-butyl-1-methylpiperidinium chloride (BMPIPCl), 1-butyl-1-methylpyrrolidinium 

chloride (BMPLCl) and ethylammonium nitrate (EAN) were bought from IoLiTec GmbH, 
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1-butyl-3-methylimidazolium bromide (BMIMBr), 1-butyl-3-methylimidazolium nitrate 

(BMIMNO3), 1-butyl-3-methylimidazolium acetate (BMIMAc) and 

1-butyl-3-methylimidazolium thiocyanate (BMIMSCN) were purchased from Sigma-Aldrich, 

while 1-butyl-3-methylimidazolium dicyanamide (BMIMDCA) was obtained from Merck. The 

structure of the investigated IL constituents can be seen in Figure 10. 

 

Figure 10. Constituent cations and anions of the investigated ILs. 

The polyimidazolium-based polymer (IP-2) was obtained through a collaboration with 

Professor Paul J. Dyson (EPF Lausanne, Switzerland). In the synthesis [147], 

1,4-bis(chloromethyl)benzene and 1-(trimethylsilyl)imidazole were dissolved in acetonitrile in 

a 1:1 molar ratio in a Schlenk-flask and the mixture was heated to reflux for 48 h. The white 

solid product was separated by filtration, washed with acetonitrile and diethyl ether, and then 

dried under vacuum for 24 h. All chemicals used for the synthesis were from Sigma-Aldrich. 

4.2. Characterisation techniques 

4.2.1. Characterisation of ionic liquid solutions 

The refractive index (𝑛) of IL solutions was determined using an Abbemat 3200 refractometer 

(Anton Paar, Austria) at a wavelength of 589 nm. To evaluate the light scattering measurements, 

the values of 𝑛 were obtained by linear interpolation, based on the following equation: 

 𝑛 = 𝑐𝐼𝐿𝑎 + 𝑏 (5) 

where 𝑐𝐼𝐿 is the molar concentration of the IL solutions, 𝑎 and 𝑏 are fitted parameters, which 

are summarised in Table 1.  

An LVDV-II+ ProC/P viscometer (Brookfield) was used to measure the dynamic viscosities 

of the IL solutions in a cone-plane geometry (CPE-40 cone). The viscosity of the different 

IL-water mixtures was determined by fitting shear stress versus shear rate data with the Casson 

model. The experimental 𝜂 values were fitted as follows: 
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 𝜂 𝜂0⁄ = 1 + 𝐴√𝑐𝐼𝐿 + 𝐵𝑐𝐼𝐿 + 𝐷𝑐𝐼𝐿
2  (6) 

where 𝜂0 is the viscosity of water (8.90×10−4 Pa s at 25 °C), while 𝐴, 𝐵 and 𝐷 are constants 

summarised in Table 1. Note that the viscosity and refractive index data for EAN–water mixtures 

were taken from the literature [73]. 

 

Figure 11. (a) Refractive indices and (b) viscosities of aqueous IL solutions at different 

concentrations. The solid lines represent the fits obtained with eq 5 (a) and eq 6 (b) [I, II]. 

Table 1. Fitting parameters for interpolating the refractive indices and viscosities of the IL 

solutions. 

Composition 
Refractive Indexa  Viscosityb 

𝑎 (M−1) 𝑏  𝐴 (M−1/2) 𝐵 (M−1) 𝐷 (M−2) 

BMIMAc 3.01×10−5 1.333  2.90×10−3 6.72×10−9 1.02×10−6 

BMIMNO3 2.86×10−5 1.333  2.94×10−3 −3.40×10−10 3.66×10−7 

BMIMBr 3.46×10−5 1.333  2.93×10−3 −3.30×10−10 4.17×10−7 

BMIMCl 2.92×10−5 1.333  2.87×10−3 −1.00×10−4 7.76×10−7 

BMIMSCN 3.61×10−2 1.333  −1.08×10−1 5.29×10−1 5.52×10−2 

BMIMDCA 3.37×10−2 1.333  −1.63×10−1 6.86×10−1 2.06×10−2 

BMPLCl 2.89×10−2 1.333  5.52×10−2 4.44×10−1      1.54 

BMPIPCl 3.21×10−2 1.333  1.43×10−1 3.08×10−1 3.95×10−1 

BMPYCl 3.72×10−2 1.333  −2.88×10−2 4.38×10−2      3.92 
aFitting parameters of eq 5. bFitting parameters of eq 6 

The water content (being present as an impurity) was determined by Karl-Fischer 

coulometric titrations using a KEM MKC-710 Karl Fischer Moisture Titrator for ILs that were 

used in pure form, without mixing with water. Accordingly, the water content proved to be 

3.0 g/L for EAN and 3.9 g/L for BMIMSCN. 
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The structure of the synthesised IP-2 polymer was confirmed by Fourier-transform infrared 

spectroscopy (FTIR) recorded with a JASCO FT-IR-4700 spectrometer equipped with a DTGS 

detector in attenuated total reflectance mode. The spectral resolution was 4 cm−1 in the 

wavenumber range of 1800–1000 cm−1. 

4.2.2. Electrophoretic light scattering 

Continuously monitored phase analysis light scattering (cmPALS) measurements are a powerful 

method of estimating the electrical properties of the surface of a charged colloidal particle in an 

electrolyte solution [148, 149]. The electrophoretic mobility (𝑢) of the particles was determined 

using the LitesizerTM 500 (Anton Paar) equipped with a 40 mW semiconductor laser operating 

at a wavelength of 658 nm in backscattering mode using the phase analysis technique. During 

operation, the light source generates a coherent primary light beam, which is subsequently split 

by a beam splitter. One part is passed to the oscillating modulator, while the other part is used 

for the light scattering measurement. Then the scattered light is combined with the modulated 

reference beam from the modulator and detected on the primary scattering detector. In addition, 

a secondary detector continuously monitors a portion of the modulated reference beam from the 

modulator. This portion is used to correct for any instabilities in modulator frequency that may 

arise. The resulting monitor trace represents the reference beam, while the detector trace shows 

the interference (modulation) between the light scattered by the sample and the modulated 

reference beam. The phase plot obtained shows the phase difference between the detector and 

monitor traces due to the Doppler effect on the scattered light from moving scattering particles 

and the fit of the cmPALS to the data from which the electrophoretic mobility values were 

determined. 

The mobility refers to the speed (𝑣) – which can be determined by light scattering techniques 

(e.g., laser Doppler velocimetry or phase analysis light scattering) – at which charged particles 

migrate in an electric field (𝐸) [37]: 

 𝑣 = 𝑢𝐸 (7) 

And since in a suspension, the particles move together with the stagnant layer of ions, the 

electrophoretic mobility values are proportional to the zeta potentials. Converting mobility to 

zeta potential relies on various models, but their applicability is limited and depends on the 

charge and size of the particles, as well as the ionic strength applied in the suspensions [35]. 
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In this work, the electrokinetic potentials of the particles were always below 50 mV, and the 

EDL was assumed to be very thin compared to the particle radius, the Smoluchowski model was 

used for the conversion [35]: 

 𝜁 =
𝑢𝜂

𝜀0𝜀
 (8) 

The surface charge density of particles is a crucial parameter that can be estimated through 

the ionic strength dependence of potentials. The charge density at the slip plane (𝜎) was 

determined by fitting zeta potentials at different salt levels with the Debye−Hückel 

charge-potential relationship [150]: 

 𝜎 = 𝜀0𝜀𝜅𝜁 (9) 

This model is applicable in low potential regions, and the ionic strength is considered through 

the Debye length (eq 4). 

Samples were prepared by mixing the appropriate amount of electrolyte (salt or IL) stock 

solution and water to obtain the desired concentration. Particles were then added to the mixture 

by adding the calculated amount of stock dispersion to achieve the desired final particle 

concentration. The samples were allowed to settle at room temperature for 2 hours before 

measuring the electrophoretic mobilities, which occurred after 1 minute equilibration time in 

capillary cuvettes or with the Univette accessory (Anton Paar). The latter measuring cell is 

suitable for measuring high-conductivity samples, including those containing ILs. Five runs 

were performed and averaged. 

4.2.3. Dynamic light scattering 

The hydrodynamic radius (𝑅ℎ) of the particles was measured by dynamic light scattering (DLS) 

technique. In the case of latex particles, the measurements were conducted with a NIBS High-

Performance Particle Sizer (ALV) featuring a 3 mW He–Ne laser operating at a wavelength of 

633 nm and a scattering angle of 173°. For LDH particles, a Litesizer 500 (Anton Paar) 

instrument was used, equipped with a 40 mW semiconductor laser with a wavelength of 658 nm 

and a scattering angle of 175°. The measurement concept of the two instruments is identical. 

The time-dependent scattering intensity was recorded for 20 seconds (Figure 12a), from which 

the intensity correlation function was derived (Figure 12b) and the cumulant method was used 

to obtain the decay rate constant (Γ) [151]. Based on this value, the translational diffusion 
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coefficient (𝐷) can be determined, which can be further converted to 𝑅ℎ using the Stokes–

Einstein relation [152]: 

 
𝐷 =

𝛤

𝑞2
=

𝑘𝐵𝑇

6𝜂𝜋𝑅ℎ
 (10) 

where 𝑞 is the scattering vector obtained from the instrument parameters by the formula: 

 
𝑞 =

4𝜋𝑛

𝜆
sin

𝛩

2
 (11) 

where 𝜆 is the wavelength of the laser beam and 𝛩 is the scattering angle. The refractive indices 

and viscosity data for the IL solutions were determined as described in chapter 4.2.1.  

 

Figure 12. Fluctuation in scattering intensity (a) and the corresponding intensity correlation 

function with cumulant fit (b) for SL particles obtained by DLS. 

To follow the aggregation processes time-resolved DLS measurements were carried out, 

which means that the change in 𝑅ℎ over time was followed. The apparent aggregation rate 

constant (∆), which describes the initial increase of 𝑅ℎ in the early stages of aggregation, is 

given as [151]:  

 
∆=

1

𝑅ℎ
1 (

𝑑𝑅ℎ

𝑑𝑡
) = (

𝐼2

2𝐼1
) (1 −

𝑅ℎ
1

𝑅ℎ
2) 𝑘𝑁0 (12) 

where 𝑡 is the experiment time, 𝑁0 is the initial number concentration of the particles, 𝑘 is the 

absolute aggregation rate coefficient (in m3/s unit), while 𝑅ℎ
1 and 𝑅ℎ

2 are the hydrodynamic 

radius of the monomer and dimer, respectively. The contribution of the form factors of the 

monomer (𝐼1) and the dimer (𝐼2) to the scattered intensity was predicted by the Rayleigh–Gans–

Debye approximation [151]. 

The colloidal stability of the samples was further expressed in terms of stability ratio, which 

can be calculated as: 
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𝑊 =

∆𝑓𝑎𝑠𝑡

∆
 (13) 

where the fast subscript indicates fast or diffusion-controlled aggregation of the particles. The 

∆𝑓𝑎𝑠𝑡 value was obtained separately for each system in the fast aggregation regime above the 

CCC. Note that unstable dispersions have a stability ratio close to 1, i.e., all particle collisions 

lead to the formation of dimers (Figure 13a). In contrast, higher values suggest slower particle 

aggregation, indicating a more stable sample. The standard error of the stability ratio 

measurement is about 10%. 

 

Figure 13. Illustration of the change in the particle size over time for dispersions with different 

levels of stability (a) and electrolyte concentration-dependent stability plots (b). 

The CCC values were calculated from the electrolyte (salt or IL) concentration (𝑐𝑒𝑙) 

dependent stability ratio plots (Figure 13b) with the following equation: 

 
𝑊 = 1 + (

𝐶𝐶𝐶

𝑐𝑒𝑙
)

−𝛽

 (14) 

where 𝛽 can be obtained from the slope of the stability plot at the slow aggregation regime (i.e., 

before the CCC) as follows: 

 
𝛽 =

𝑑 log 1 𝑊⁄

𝑑 log 𝑐𝑒𝑙
 (15) 

4.2.4. Structural characterisation 

X-ray diffraction (XRD) measurements were performed using a Bruker D8 Advanced 

diffractometer with CuKα (α = 0.1542 nm) as the radiation source in the range of 5–80° 2θ at 

step sizes of 0.02° and using a QT026 quartz XRD sample holder (cover plate: 20×20×0.5 mm). 

No background subtraction was performed. Based on the XRD results, the thickness of the LDH 
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crystals (𝐿𝐶) was calculated using the Scherrer equation [145]: 

 
𝐿𝐶 =

𝜆𝐾

𝛽 cos θ
 (16) 

where 𝜆 is the wavelength of the X-rays, 𝐾 is the shape factor (0.9 for LDH), θ is the Bragg 

diffraction angle, and 𝛽 is the full width at half maximum of the (003) reflection. 

The morphology of the solids was characterised by transmission electron microscopy (TEM) 

and atomic force microscopy (AFM). The TEM images were acquired using a FEI Tecnai G2 

type microscope. For sample preparation, the particle dispersions were dried on a copper-carbon 

mesh grid and 200 kV accelerating voltage was used for imaging in the bright field mode. AFM 

images were collected by a Multimode Nanoscope IIIa AFM instrument (Digital Instruments). 

The device was used in tapping mode in air at ambient temperature using a Si tip cantilever 

(PPP-NCHR-10, NanoSensors), with a nominal tip radius of less than 9 nm and a resonant 

frequency ranging 204–497 kHz. The samples were prepared by placing a drop of the dispersion 

on a freshly cleaved mica substrate (Ted Pella, Highest Grade V1) and allowing it to sediment 

for 1 hour. Then the IL solvent residue was removed by rinsing with acetonitrile and ultrapure 

water, followed by drying using N2 gas. During the examination, height and amplitude images 

were simultaneously captured at a scan rate of 0.1 Hz.  

Small-angle X-ray scattering (SAXS) and small- and wide-angle X-ray scattering (SWAXS) 

measurements were performed by Professor Matija Tomšič (University of Ljubljana) with two 

different laboratory-modified old-Kratky type cameras (Anton Paar) connected to a 

conventional X-ray generator (GE Inspection Technologies, SEIFERT ISO-DEBYEFLEX 

3003). The generator contained a sealed X-ray tube with a Cu anode operating at 40 kV and 

50 mA. Focusing multilayer optics (Goebel mirrors) were used to focus and monochromatize 

the primary X-ray beam to produce a high-intensity Cu-𝐾𝛼 line with a wavelength (𝜆), of 1.54 Å. 

Passing this beam through a block-collimation unit provided a well-defined line-collimated 

primary beam. Samples were measured at 25 °C in a standard quartz capillary (outer diameter 

of 1 mm and wall thickness of 10 m). SWAXS measurements were recorded on a 2D imaging 

plate irradiated with scattered X-rays for 30 minutes and read out with a delay of 5 minutes 

using a Fuji BAS 1800II imaging-plate reader with a spatial resolution of 50×50 m2/px. 

SWAXS data were collected in the range of the scattering vector (𝑞) from 0.1 to 30 nm−1, while 

𝑞 can be calculated as: 
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 𝑞 =
4𝜋

𝜆
𝑠𝑖𝑛 (

𝜗

2
) (17) 

where 𝜗 is the scattering angle. Note that the scattering vector is different for DLS and SWAXS, 

as for DLS the formula includes the refractive index of the medium (eq 11), since there the 

scattering results from the interaction of the radiation with regions of different refractive indices, 

whereas in SWAXS it is the electron density. They were corrected for sample X-ray absorption 

and background scattering and transformed to absolute scale using water as the secondary 

standard [153]. The resulting SWAXS data were still experimentally smeared due to the finite 

dimensions of the primary beam [154]. 

The Indirect Fourier Transformation (IFT) method [155] with the Generalized Indirect 

Fourier Transformation software package [156] was used to analyse the experimental SAXS 

data. Since the maximum size of the scattering particles in the investigated liquid dispersions 

was close to the upper limit of our experimental resolution, the typical IFT analysis was first 

performed, yielding the pair distance distribution function 𝑝(𝑟), which is related to the scattering 

intensity 𝐼(𝑞) through the Fourier transform [155]: 

 
𝐼(𝑞) = 4𝜋 ∫ 𝑝(𝑟) 

𝑠𝑖𝑛(𝑞𝑟)

𝑞𝑟
 𝑑𝑟

∞

0

 (18) 

where 𝑟 is the distance in real space, i.e., the distance between two scattering centres within the 

scattering particle. 

The 𝑝(𝑟) contains information about the geometric properties of the scattering particles. In 

the case of flat scattering particles with large lateral size with respect to their thickness, the 

structural information about the thickness of the nanosheets can be obtained from the scattering 

curves by applying a special cut-off-based mode of the IFT technique, which cosine-transforms 

the function 𝐼(𝑞)𝑞2 into real space and yields the thickness 𝑝t(𝑟) as follows [157]: 

 
𝐼(𝑞)𝑞2 = 4𝜋𝐴 ∫ 𝑝t(𝑟) 𝑐𝑜𝑠(𝑞𝑟) 𝑑𝑟

∞

0

 (19) 

where 𝐴 is the area of the basal plane. In this method, the scattering curves must be strongly 

truncated (cut-off) in the region of very small 𝑞 values to exclude the part of the scattering curve 

that is strongly influenced by the scattering contribution resulting from the large lateral 

dimensions of the flat scattering particles. The resulting 𝑝t(𝑟) function serves as an aid for 

determining the geometry of the scattering particles [157]. 
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5. Results and discussion 

5.1. Basic characterisation of the particles studied 

First, the experimental conditions used for the light scattering techniques had to be optimised. 

Another fundamental step was the basic colloidal characterisation of the investigated particles, 

taking into account their interaction with inorganic salts. Therefore, the entire colloidal 

optimisation and characterisation of the systems are described in the following chapter. 

5.1.1. Functionalised polystyrene latexes 

Polystyrene-based latex beads were used to study charging, aggregation and interparticle forces 

in the presence of various IL-containing dispersions. Due to their homogeneous size and charge 

distribution, they have proven to be suitable for the investigation of fundamental colloidal 

phenomena [99, 158]. In addition, they are widely used in biotechnology [159], sensing [160], 

and materials science in the development of innovative composite materials [161, 162]. Latex 

particles are reported to be hydrophobic [163] and can have both a positive and a negative charge 

depending on their surface functionalities and pH. In the present work, the surface properties of 

the latex particles were altered either by their surface functional groups – amidine (AL) and 

sulphate (SL) groups were chosen to obtain a positive and negative surface charge, respectively 

– or by electrostatic functionalisation through adsorption of IP-2 polymer on the surface of the 

particles with opposite charge (SL-IP-2). 

Prior to studying the aggregation mechanism in the dispersions in question, it was necessary 

to optimise the particle concentrations used in the light scattering experiments. DLS is suitable 

for studying the early stages of aggregation, i.e., the increase in the hydrodynamic radius of the 

particles should not exceed 40% during the measurements to determine the rate of aggregation 

accurately without the formation of higher-size clusters [151]. Such conditions are best found 

by varying the particle concentration in the presence of 1 M KCl, which corresponds to the fast, 

or diffusion-controlled aggregation regime. In the case of AL (Figure 14a), the particle 

concentration was varied in the range of 4–24 mg/L and the change in hydrodynamic radius was 

measured over time, as shown in Figure 14b. Note that the curves start at around 270 nm, which 

reflects the initial size of AL in a stable dispersion in the presence of 1 mM KCl at pH 4 (see the 

inset in Figure 14b). 
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At this high electrolyte concentration, there is no energy barrier upon collisions, thus the 

aggregation is solely diffusion-controlled, i.e., the value of the rate constant for dimer formation 

can be given by the Smoluchowski equation [164]: 

 
𝑘𝑆 =

8𝑘𝐵𝑇

3𝜂
 (20) 

This allows the determination of the half-time of aggregation (𝑇1 2⁄ ), which indicates the time 

interval required to aggregate half of the primary particles in the original dispersion. This 

parameter represents a useful time scale for the identification of the early stages in the 

aggregation process. In an unstable sample, in which diffusion-controlled particle aggregation 

takes place, this can be calculated as follows: 

 
𝑇1 2⁄ =

2

𝑘𝑆𝑁0
 (21) 

Note that the aggregation half-time at a given temperature depends only on the initial particle 

concentration and the viscosity of the medium. 

 

Figure 14. (a) Schematic representation of the structure of AL particle. (b) Variation of 

hydrodynamic radius versus time plots and (c) apparent dynamic aggregation rate (square, left 

axis) and half-time of aggregation (circle, right axis) for AL particles in the presence of 1 M 

KCl at pH 4, illustrating the dependence on particle concentration. The solid lines in (b) are 

linear fits to calculate the apparent aggregation rates using eq 12, while the lines in (c) are for 

illustrative purposes. The inset (b) shows the intensity-weighted size distribution of AL in a 

stable suspension, i.e., at 1 mM KCl and pH 4 [I]. 

Based on the data obtained, a concentration of 16 mg/L (2.18×1014 1/m3) of AL was 

determined to be optimal, since the resulting half-times are high enough to ensure that the 

measurements were performed at the early stages of the aggregation process (Figure 14c). At a 

lower concentration, the change in the hydrodynamic radius over time would not be well 
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observed (especially at low rates) and the aggregation half-time would be too long, requiring a 

long measurement time. In addition, the decrease in concentration would also be accompanied 

by a decrease in the intensity of the scattered light, which would have a negative effect on the 

accuracy of the hydrodynamic radius measurements by DLS. In contrast, the disturbing effect 

of the formation of larger aggregates (e.g., multiple scattering effect or phase separation) would 

be expressed at higher particle concentrations. 

The optimisation of SL concentration was performed in a similar manner (Figure 15). The 

particle concentration was varied between 5 and 25 mg/L, while the time-dependent change in 

hydrodynamic radius was measured (Figure 15b). Based on the relation between the fast 

aggregation rates and half-times of aggregation (Figure 15c), time-resolved DLS measurements 

could be performed with good precision at a particle concentration of 20 mg/L (4.56×1014 1/m3). 

 

Figure 15. (a) Schematic representation of SL particle structure. (b) Variation of hydrodynamic 

radius versus time plots and (c) apparent dynamic aggregation rate (square, left axis) and half-

time of aggregation (circle, right axis) for SL particles in the presence of 1 M KCl at pH 4, 

illustrating the dependence on particle concentration. The solid lines in (b) are linear fits to 

calculate the apparent aggregation rates using eq 12, while the lines in (c) are for illustrative 

purposes. The inset (b) shows the intensity-weighted size distribution of SL in a stable 

suspension, i.e., at 1 mM KCl and pH 4. 

After optimising the experimental conditions, the commercially available SL particles were 

functionalised with oppositely charged IP-2 polymer to tune the charge and the surface character 

of the particles. The main goal was to develop an interfacial structure with IL functionalities. 

The successful synthesis of the polymer was confirmed by FT-IR spectroscopy (for the spectrum 

see Figure 16a) by identifying the characteristic vibrational peaks of IP-2 [147] at 1150 cm−1 

(C=N+), 1560 cm−1 (C=C) and 1625 cm−1 (C=N). 
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To determine the polymer dose required to fully coat the SL surface, the electrophoretic 

mobility, and the absolute aggregation rate values of SL at different IP-2 doses were determined 

(Figure 16b). The aim was to find the conditions under which the surface of the SL particles is 

completely covered with the polymer and, at the same time, forms a stable dispersion. In general, 

the mobilities changed from negative to positive, when the added amount of IP-2 polymer was 

increased indicating its strong affinity to the oppositely charged particle surface. The negative 

mobility values observed at low IP-2 doses were attributed to the presence of ionised sulphate 

functional groups, while the polymer only partially compensated the surface charge of the 

particles under these conditions. Increasing the amount of IP-2 led to charge neutralisation at 

the isoelectric point (IEP), where the particles have a net charge of zero. Thereafter, the process 

of adsorption progressed at higher doses and led to charge reversal resulting in a positive net 

charge on the particles. The mobility values remained constant at high IP-2 doses, where the 

surface of the particles contained a saturated IP-2 layer. Note that the coated particles exhibit a 

significantly lower magnitude of mobility on the plateau than the bare particles, indicating a 

lower surface charge density in the former case. 

 

Figure 16. (a) FTIR spectrum of the IP-2 polymer. (b) Electrophoretic mobility (circles, left 

axis) and absolute rate coefficient (square, right axis) values of SL particles as a function of the 

IP-2 dose at 10 mM ionic strength adjusted by KCl and pH 4. The unit mg/g refers to mg IP-2 

per one gram of SL. The lines serve to guide the eye [I, III]. 

Time-resolved DLS measurements were performed under the same experimental conditions 

as the electrophoretic mobility measurements, which allowed the precise determination of the 

aggregation processes within the dispersions. Figure 16b shows that the gradual trend in the 

mobility values corresponds to the changes in absolute aggregation rates, i.e., to the colloidal 
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stability of the dispersions. When the particles possess high electrophoretic mobility (either 

negative or positive), the aggregation rate values are low, indicating stable dispersions or slow 

aggregation. However, at IP-2 doses close to the IEP, there is an increase in the aggregation rates 

referring to rapid particle aggregation and hence, unstable samples. 

Such charging and aggregation behaviour is in qualitative agreement with the DLVO theory 

[165, 166], which predicts stable dispersions in the case of high surface charge, and the 

corresponding repulsive double layer forces outweigh the attractive van der Waals interactions. 

Similar trends have been observed in systems containing oppositely charged latexes and 

polyelectrolytes [165-167], but this was the first report to include a polyimidazolium compound. 

Based on the above results, a dose of 500 mg/g (sample labelled SL-IP-2) was chosen for further 

studies, as under these circumstances the surface of the SL particles was completely coated with 

the IP-2 polymer, while the high positive charge ensured a very low aggregation rate, i.e., 

sufficiently high colloidal stability. 

Moreover, the fundamental colloidal properties of the latex particles were investigated in the 

presence of an indifferent inorganic electrolyte, namely KCl. At low salt concentrations, 

negative and positive mobilities were observed for the SL and AL / SL-IP-2 particles, 

respectively (Figure 17a), reflecting the charge of the ionised surface functional groups at pH 4. 

 

Figure 17. Electrophoretic mobilities (a) and stability ratios (b) of AL (circle), SL (square) and 

SL-IP-2 (triangle) particles as a function of the KCl concentration at pH 4. The lines on (a) just 

serve to guide the eye, while on (b) they were calculated using eq 14 [I]. 

In general, the absolute value of the electrophoretic mobilities decreased with KCl 

concentration in all cases, which can be attributed to the surface charge screening by the 
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counterions and the subsequent decrease in the absolute value of the electrostatic surface 

potential [7]. Note that in the case of SL, the mobility values passed through a minimum, a 

phenomenon typical of particles with high surface charge and well described by the 

electrokinetic effect [149, 168]. Accordingly, the electrophoretic retarding force acting on a 

particle increases at a faster rate with the particle charge than the driving force when an electric 

field is applied. The ionic strength-dependent potential data (eq 9) yielded surface charge 

densities at the slip plane of 3.5 mC/m2 for AL, −27.8 mC/m2 for SL, and 4.5 mC/m2 for 

SL-IP-2. This value takes into account the pronounced influence of ions bound to the surface of 

the particle and therefore varies in the presence of different ions. As a result, it is useful for 

quantifying the adsorption affinity of ions and thus for arranging them into series based on their 

interaction with the surface, akin to the Hofmeister series [100]. 

The aggregation processes were followed by time-resolved DLS in the presence of KCl under 

the same experimental conditions (e.g., pH, particle/salt concentration range, and composition) 

as for electrophoresis, allowing direct comparison of the observed trends. The change in 

hydrodynamic radius (Figure 18) was remarkably different by increasing the KCl concentration. 

 

Figure 18. Hydrodynamic radius of (a) AL, (b) SL and (c) SL-IP-2 particles as a function of time 

at different KCl concentrations measured by time-resolved DLS at pH 4. The solid lines are 

linear fits to calculate the apparent aggregation rates using eq 12. 

The samples were stable at low salt concentrations, as indicated by the high stability ratio 

values (Figure 17b), i.e., the particle size did not change significantly during the entire time of 

the measurement (Figure 18). By increasing the amount of KCl, moderate stability ratios were 

observed, referred to as the slow aggregation regime, while at higher electrolyte concentrations, 

the stability ratio was close to 1, indicating unstable samples and referred to as the fast 

aggregation regime. These two regimes are separated by the CCC, which was determined from 
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the stability ratio versus salt concentration plots using eq 14. The CCC values obtained were 

80 mM for AL, 400 mM for SL, and 90 mM for SL-IP-2. Note that despite the similarity of the 

trends in the stability ratios, a divergence was observed in the slopes in the slow aggregation 

regime. In this region, the stability ratios decreased more rapidly with increasing ionic strength 

for SL particles, which can be attributed to the higher surface charge density leading to a stronger 

electrostatic interaction between the particle and salt constituent ions. 

Overall, these trends in charging and aggregation properties are typical of aqueous colloidal 

systems where the main interparticle forces originate from DLVO-type interactions, such as van 

der Waals attraction and repulsion caused by overlapping electrical double layers [7]. 

5.1.2. Layered double hydroxides 

The other particle system studied in this work was the Mg/Al–NO3–LDH (see the scheme in 

Figure 19a). The general formula for the most common group of LDHs is 

[𝑀1−𝑥
2+ 𝑀𝑥

3+(𝑂𝐻)2][𝐴𝑛− ∙ 𝑚𝐻2𝑂], where M2+ and M3+ are the divalent and trivalent metal ions, 

while An−·mH2O represents interlamellar charge-neutralising anions in a hydrated state [169]. 

The XRD patterns of the powder LDH samples (Figure 19b) unambiguously confirmed the 

successful synthesis as it contained all the characteristic peaks for LDH-based materials. The 

(003) reflection indicated an interlamellar distance of 0.83 nm (10.6°), in good agreement with 

the value reported in the literature [145]. The platelet-shaped particles had an average thickness 

of about 17.4 nm (based on eq 16) and a hydrodynamic radius of 120 nm (inset in Figure 19b). 

In addition, the morphology of the LDH was visualised by TEM (Figure 19c), which showed a 

typical hexagonal structure with some distortions. 

 

Figure 19. Schematic representation of the structure (a), powder XRD pattern (b), and TEM 

image (c) of LDH. The inset on (b) shows the intensity-weighted size distribution of LDH in 

stable suspension, i.e., at 1 mM KCl and pH 9 [II]. 
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The particle concentration was optimised for time-resolved DLS studies in a similar way as 

for the latexes, and the optimal concentration of LDH was found to be 10 mg/L. Subsequently, 

the basic charging and aggregation properties were examined in the presence of KCl (Figure 

20). The mobilities were positive due to the structural charge of the LDH particles (Figure 20a). 

Overall, similar trends were observed for the charge and aggregation characteristics as for the 

latexes, i.e. with increasing salt concentration, the mobility values decreased and the increase in 

particle size became steeper (Figure 20b), leading to a parallel decrease in stability ratios (Figure 

20c). These trends – including the occurrence of slow and fast aggregation at low and high salt 

concentrations, respectively – were consistent with the DLVO theory and have been previously 

reported for LDH dispersions in the presence of inorganic salts [101, 170]. Based on these data, 

the surface charge density was set at 21.0 mC/m2 and CCC values was 18.7 mM. 

 

Figure 20. Electrophoretic mobilities (a) and stability ratios (c) of LDH particles as a function 

of the KCl concentration at pH 9. (b) Hydrodynamic radius of LDH as a function of time at 

different KCl concentrations measured by time-resolved DLS at pH 9.The lines on (a) just serve 

to guide the eye, on (b) they are linear fits to calculate the apparent aggregation rates using 

eq 12, while on (c) they were calculated using eq 14. 

5.2. Colloidal stability in IL-containing dispersions 

This chapter is concerned with the investigation of the colloidal stability and interfacial 

properties in IL dispersions, with a focus on the charge and aggregation relations of different 

particles. The influence of key variables, such as water and salt content, is also addressed, with 

a systematic analysis of their effects on colloidal stability. In this way, novel insights into the 

fundamental principles that govern the colloidal behaviour of IL-particle dispersions could be 

provided, thus promoting their effective use in a variety of applications, such as designing 

functional materials for energy storage devices or lubrication [66] or developing new catalysts 

[129]. 
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5.2.1. Particle aggregation mechanisms in ILs 

First, the aggregation behaviour of SL and SL-IP-2 particles in EAN and its water mixtures was 

studied. This investigation allowed an in-depth analysis of the fundamental colloidal properties 

in the presence of ILs for polymeric particles with different charges and functionalities over a 

wide range of EAN concentrations. Figure 21a and Figure 21b show that, in general, three main 

aggregation regimes have been identified for SL and SL-IP-2, respectively. 

In the first regime, i.e., up to an EAN concentration of 1.0 M (water-rich side), aggregation 

rates were initially low but increased rapidly with increasing IL content until they reached a 

plateau. The observed trend mirrors that obtained in the presence of KCl (Figure 17), as ILs tend 

to completely dissociate and get hydrated in dilute aqueous solutions, similar to what is observed 

for inorganic salts [46, 67, 69]. Thus, this scenario is consistent with the predictions of DLVO 

theory, which leads to the term DLVO regime. The initial increase in aggregation rates signifies 

the onset of the slow aggregation regime, which is primarily determined by the gradual charge 

screening by EAN ions and surface adsorption of counterions. Note that for negatively charged 

SL particles, the counterion was the ethylammonium cation, whereas for positively charged 

SL-IP-2 particles, the counterion was the nitrate anion. The flat region observed at higher EAN 

concentrations indicates the fast aggregation regime, where the percentage of particle collisions 

forming dimers depends solely on their diffusion rate within the specific medium. The absolute 

aggregation rates in this fast aggregation regime (k𝑓𝑎𝑠𝑡) were found to be 2.63×10−18 m3/s for 

SL and 5.12×10−18 m3/s for SL-IP-2 particles. 

 

Figure 21. EAN concentration dependence of absolute aggregation rate coefficients (circles, left 

axes) and normalised aggregation rate coefficients (squares, right axes) for SL (a) and SL-IP-2 

(b) particles. In (a) the 𝐶𝐶𝐶s corresponding to the water-rich (𝐶𝐶𝐶𝑊) and EAN-rich (𝐶𝐶𝐶𝐼𝐿) 

concentration regimes are indicated. The solid lines serve as guides for the eye [III]. 
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In the second regime, i.e., at intermediate EAN concentrations above 1.0 M, there was a 

gradual decrease in aggregation rates due to the increased viscosity of the mixture. The 

importance of the so-called viscous stabilisation can be confirmed by normalising the 

aggregation rate coefficients (𝑘) with the Smoluchowski value (𝑘𝑆) (given in eq 20), as it takes 

into account the dynamic viscosity of the solution for diffusion-controlled aggregation: 

 
𝑘𝑛𝑜𝑟𝑚 =

𝑘

𝑘𝑆
 (22) 

Note that the viscosities of the mixtures increased sharply with increasing IL concentration (as 

illustrated in Figure 11b), while the Smoluchowski values decreased in parallel [73]. The fact 

that the normalised rate coefficients (𝑘𝑛𝑜𝑟𝑚) remained constant throughout the viscous 

stabilisation regime proves that the gradual slowdown of aggregation is indeed due to the 

increased viscosity of the medium, while aggregation remains diffusion-controlled. This 

mechanism could slow down the aggregation process in the studied systems by almost an order 

of magnitude. The experimental aggregation rate coefficients (𝑘) were 2-3 times smaller than 

the calculated values (𝑘𝑆) in the fast aggregation regime due to the influence of hydrodynamic 

and van der Waals interactions, which are neglected by the Smoluchowski theory. Similar 

discrepancies were also observed for the dispersion of other colloidal particles in aqueous 

solutions [59, 171-173]. 

In the third regime, there was a significant decrease in both absolute and normalised 

aggregation rates with an increase in EAN concentration, a phenomenon known as solvation 

stabilisation [59]. The onset of this distinct regime was marked by a sudden decrease in 

normalised aggregation rates at high IL concentrations where only a small amount of water was 

present. The stabilising effect in IL media was attributed to the formation of solvation layers, a 

concept that is further explored in this section. Interestingly, the presence of water in the samples 

disrupted the layering of IL constituents on the particle surface, highlighting the interference of 

water at the interface. This phenomenon mirrors the results of other studies and emphasises the 

disruptive role of water at interfaces [45, 59, 78]. 

The sharp transition between slow and fast aggregation within the DLVO regime on the 

water-rich side was quantified by the CCC. A similar critical concentration can be observed on 

the IL-rich side, indicating the transition from the viscous to the solvation stabilisation regime. 

These two CCCs are distinguished as 𝐶𝐶𝐶𝑊 on the water-rich side and 𝐶𝐶𝐶𝐼𝐿 on the IL-side. To 
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follow the usual definition of CCC in water, 𝐶𝐶𝐶𝑊 was expressed as the molar concentration of 

EAN, while 𝐶𝐶𝐶𝐼𝐿 is the molar concentration of water. The presented trends are generic for both 

SL (see Figure 21a) and SL-IP-2 particles (see Figure 21b), while the data obtained are 

summarised in Table 2. 

Table 2. Characteristic aggregation data of latex particles measured in EAN-water mixtures. 

 SL  SL-IP-2 

𝐶𝐶𝐶𝑊
a 𝐶𝐶𝐶𝐼𝐿

b  𝐶𝐶𝐶𝑊
a 𝐶𝐶𝐶𝐼𝐿

b 

EAN 0.23 7.1  0.15 15.0 

EAN – 0.001 M NaNO3 0.16 8.5  0.15 12.6 

EAN – 0.01 M NaNO3 0.15 7.3  0.14 16.2 

EAN – 0.1 M NaNO3 0.05 7.8  0.05 14.8 
aConcentration of EAN in M. bConcentration of water in M. The accuracy of the CCC 

determination is about 10%. 

An important note is that the 𝐶𝐶𝐶𝑊 is much higher for SL, while the magnitude of the 

aggregation rate coefficients in the intermediate regime is higher for the SL-IP-2 particles. These 

observations are most likely due to the significantly higher surface charge of the bare SL 

particles compared to SL-IP-2 (see the magnitudes of mobility values in Figure 16b at low and 

high IP-2 doses), resulting in slightly stronger electrostatic repulsion between the particles, i.e., 

slower aggregation. In contrast, a higher water concentration is required for the destabilisation 

of SL-IP-2 particles compared to SL, as can be seen from the 𝐶𝐶𝐶𝐼𝐿 values in Table 2. This 

probably occurs because EAN acts as a good solvent for the coating polymer and forms a 

solvation sphere around the SL particle with polymer tails and loops, leading to an additional 

stabilising effect of steric origin between the adsorbed IP-2 layers [174, 175]. This additional 

repulsion led to an increased resistance to water-induced aggregation. 

To further investigate the behaviour of ILs when interacting with charged particles, the 

electrophoretic mobility values for both particles were determined over the entire range of 

EAN-water mixtures. Figure 22a illustrates that although the sign of the mobility values was 

system-dependent, their magnitudes showed similar trends, i.e., the absolute values initially 

decreased with increasing EAN concentration due to surface charge screening, while they 

levelled off close to zero at higher EAN concentrations. This pattern reflects the behaviour 

commonly observed in charged colloids suspended in monovalent salt solutions and agrees well 

with established theories explaining the structure and the dimension of the electrical double 

layer [98]. 
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Figure 22. (a) Electrophoretic mobility values of SL and SL-IP-2 particles as a function of EAN 

concentration and (b) the phase plots in the presence of SL particles on the water-rich side 

(2.5 mM EAN concentration) and IL-rich side (0.17 M water concentration). The phase plots 

show the phase differences between the detector and the monitor traces (black lines), while the 

grey (water) and red (EAN) lines correspond to the fit of cmPALS to the data. The solid lines in 

(a) represent the interpolation based on eq 23 [III]. 

Based on the DLVO theory, the surface charge density values – obtained from the IL 

concentration-dependent electrophoretic mobility data using eq 9 – were further used on the 

water-rich side to calculate the 𝐶𝐶𝐶𝑊 values as follows [176]: 

 
𝐶𝐶𝐶𝑊 =

1

8𝜋𝐿𝐵
(

24𝜋

𝐻𝑒𝜀0𝜀
)

2 3⁄

𝜎4 3⁄  (23) 

The Hamaker constant used for the calculation was 9×10−21 J [176]. The 𝐶𝐶𝐶𝑊 values obtained 

were 0.25 M for SL and 0.14 M for SL-IP-2, which is in good agreement with the values 

determined from the EAN concentration dependence of the aggregation rates (see Table 2). 

Based on the results, the aggregation processes on the water-rich side can indeed be explained 

by considering DLVO-type forces acting between the particles in both cases. 

In addition, the phase plots shown in Figure 22b provide insight into the movement of the 

particles in the respective media. Accordingly, the charged particles on the water-rich side tend 

to move in the direction of the electrodes with opposite polarity. However, on the IL-rich side – 

where solvation stabilisation takes place – no particle movement could be detected by applying 

the electric field during the cmPALS measurements. These observations imply that electrostatic 

interactions between the particles play a negligible role in explaining successful stabilisation, as 

they appear to be suppressed by the prevailing ionic environment of the medium. In such cases, 
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it is highly probable that the colloidal stabilisation results from the formation of IL layers on the 

surface of the charged particles. However, electrostatic interactions still exist between all 

charged species within the system (anions, cations, and the charged particle surface), which are 

responsible for the nanostructural interfacial organisation [8]. 

5.2.2. Effect of salt content on the colloidal stability of IL-particle dispersions 

Following the exploration of the fundamental colloidal properties of latex particles in a wide 

range of EAN concentrations, the effects of introducing NaNO3 into the systems and its 

influence on the aggregation processes were investigated. The anticipation was that Na+ ions 

should have a stronger influence on the interfacial properties considering that nitrate ions were 

already present in the mixtures as a component of EAN (NO3
− was specifically chosen to avoid 

the introduction of additional anions into the systems). The Na+ served as a counterion for the 

negatively charged SL particles, while it acted as a coion for the positively charged SL-IP-2. 

Figure 23a illustrates the observed trends of aggregation rates for SL particles in EAN–water 

mixtures at three different NaNO3 concentrations (i.e., 1 mM, 10 mM, and 100 mM). The 

general trend in the presence of salt was similar to that without salt, but salt 

concentration-dependent phenomena were observed, which deserves further discussion. 

 

Figure 23. Absolute aggregation rate coefficients (a) and normalised rate (b) of SL as a function 

of EAN concentration in EAN–water mixtures with different concentrations of background 

NaNO3 electrolyte [III].  

The first remark was that with increasing salt concentration, the 𝐶𝐶𝐶𝑊 values showed a 

consistent decrease, i.e., the presence of 0.1 M NaNO3 resulted in the lowest 𝐶𝐶𝐶𝑊. The 𝐶𝐶𝐶 

values obtained after normalising the aggregation rates with the Smoluchowski value (see 
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Figure 23b) are summarised in Table 2. This decrease can be attributed to the increased charge 

screening due to the excess of counterions, which is consistent with the predictions of DLVO 

theory. In contrast, the 𝐶𝐶𝐶𝐼𝐿 value determined on the IL-rich side did not appear to be affected 

by the presence of NaNO3, i.e., the values obtained were identical within experimental error, to 

those reported in previously studied systems without the added salt. 

Furthermore, Figure 23a shows that the presence of Na+ ions slows down the aggregation in 

the intermediate concentration range of the EAN-water system, where viscous stabilisation 

occurs. This effect is evident as the aggregation rates in the presence of salt constituent ions are 

nearly an order of magnitude lower than in the absence of added salt. Remarkably, this 

stabilisation becomes more pronounced with increasing concentration of Na+ ions, i.e., 

aggregation rates were the lowest in the presence of 0.1 M NaNO3. This pattern can be partially 

explained by the accumulation of Na+ ions on the negatively charged SL particle surface, 

suggesting that they are likely involved in the formation of an initial cationic layer that 

neutralises the negative charge of the SL. Since sodium ions can interact with the components 

of EAN at the interface, they play an important role in the formation of structured solvation 

layers around the particles, which contributes to the development of more stable particle 

dispersions. A similar phenomenon has been observed at various solid/IL interfaces in the 

presence of inorganic ions [50, 86]. On the other hand, the Hamaker constant and its slight 

dependence on the ionic strength may also contribute somewhat to the above phenomena [177], 

since the effective ionic strength in this range is about 0.5–10 M. At such a high ionic strength, 

the range of the electrical double layer repulsion between two charged surfaces is much shorter 

than that of the attractive van der Waals forces, hence the effect on the Hamaker constant is 

more pronounced. 

In contrast, for the SL-IP-2 particles – where the Na+ ions have the same charge as the 

polymer-coated particles – the above-mentioned NaNO3 concentration dependence was not 

observed in the intermediate IL concentration regime (see Figure 24). While the obtained trend 

in the determined 𝐶𝐶𝐶 values mirrored that of the SL particles – i.e., the 𝐶𝐶𝐶𝑊 values decreased 

with increasing salt levels, while the 𝐶𝐶𝐶𝐼𝐿 remained unaffected – the aggregation behaviour of 

SL-IP-2 particles seems to be largely unaffected by the presence of background salt, i.e., the 

determined fast aggregation rates remained unchanged within the experimental uncertainty, 

regardless of the NaNO3 concentration. These observations indicate that Na+ ions interact only 
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slightly with particles of the same charge so that their influence on the surface charge is 

negligible. The dependence of the Hamaker constant on the ionic strength, however, is probably 

not expressed because the particles cannot approach each other due to steric hindrance by the 

coating polymer. 

 

Figure 24. Absolute aggregation rate coefficients (a) and normalised rate (b) of SL-IP-2 as a 

function of EAN concentration in EAN–water mixtures with different concentrations of 

background NaNO3 electrolyte [III]. 

The results indicate that Na+ ions change the interfacial arrangement of IL ions in the system 

investigated, and thus influence the stability of colloidal dispersions. The extent of this influence 

varies and depends on the properties of the added ions and the surface charge of the particles. 

Overall, the presence of even small amounts of water or salt in the system (as an additive or 

unwanted impurity) can strongly alter the interfacial structuration of ILs, and thereby the 

aggregation mechanism in IL-containing particle dispersions. A similar alteration has already 

been reported for charged surfaces, such as mica [75] or graphene [76], where the changes in 

the interfacial structure were manifested by a reduction in the thickness of the adsorbed ion layer 

on mica during liquid drainage and significantly affected the zero charge potential of graphene. 

5.3. Ion-specific effect of IL constituents 

This chapter discusses the study of ion specificity and its effects on the stability of dispersions 

containing ILs. Using the Hofmeister series as a conceptual guide, the charge and aggregation 

characteristics in aqueous IL solutions in the presence of different types of particles were 

investigated. The systematic change of IL structures allowed the classification of IL compounds 

based on their affinity to the particle surface and their destabilising power. 



 

Doctoral (Ph.D.) dissertation Results and discussion 

51 

 

5.3.1. Latex particles in aqueous IL dispersions 

To investigate the ion-specific effects of IL compounds, the charging and aggregation properties 

of latex particles were first analysed in the presence of aqueous IL solutions containing chloride 

(Cl−), bromide (Br−), nitrate (NO3
−) or acetate (Ac−) anions and the 

1-butyl-3-methylimidazolium cation (BMIM+). Two types of positively charged particles, 

namely AL and SL-IP-2, were studied, thus the anions were the counterions and the BMIM+ 

cation acted as the coion. This approach made it possible to study ion specificity using polymeric 

particles with the same sign of charge but different surface functionality. 

First, the electrophoretic mobility of AL particles in aqueous IL solutions was measured, 

while the composition of the ILs was systematically varied to investigate the specific interfacial 

effects of the IL anions (Figure 25a). In general, the mobility values decreased with increasing 

IL concentration, similar to the case of the indifferent KCl electrolyte (Figure 17a). Such a 

decrease can be explained by the screening of the surface charge by the dissolved ions, while 

the deviation between the electrophoretic mobility plots when varying the IL composition 

indicates specific ion adsorption on the particle surface. 

 

Figure 25. Electrophoretic mobility (a) and stability ratios (b) of AL as a function of IL 

concentration. The lines in (a) serve to guide the eyes, while in (b) they were calculated using 

eq 14. The measurements were performed at pH 4 and the AL concentration was 16 mg/L [I]. 

The stability ratios for the AL particles measured under the same experimental conditions as 

in the mobility studies are shown in Figure 25b. In each case, the overall trends were similar 

and resembled those obtained for inorganic salts described earlier (Figure 17b). Accordingly, 

slow (at low IL concentration) and fast (at high IL concentration) aggregation regimes were 
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identified, which were separated by the CCC as the transition point between the slow and fast 

aggregation regions. These tendencies are in good qualitative agreement with the DLVO theory, 

which states that the force between particles is the result of electrostatic repulsion and attractive 

van der Waals interactions [32, 33]. At low IL concentrations, the electrostatic repulsive forces 

decrease with increasing IL concentration, while the attractive forces remain unchanged, and 

therefore become dominant at higher ionic strengths. The presence of DLVO-type forces is also 

suggested by the low zeta potentials measured at CCC (Table 3).  

Table 3. Characteristic aggregation and charging data of AL and SL-IP-2 particles measured in 

IL solutions. 

ILs 

AL  SL-IP-2 

𝜎 

(mC/m2)a 

𝐶𝐶𝐶 

(mM)b 

𝑢 

(µm·cm/Vs)c 

 𝜎 

(mC/m2)a 

𝐶𝐶𝐶 

(mM)b 

𝑢 

(µm·cm/Vs)c 

BMIMAc 0.5 6 0.21  7.5 100 0.78 

BMIMNO3 2.5 40 0.43  7.5 100 0.78 

BMIMBr 3.0 50 0.46  7.5 100 0.78 

BMIMCl 6.0 90 0.65  7.5 100 0.78 
aSurface charge density determined with eq 9. bCritical coagulation concentration calculated by 

eq 14. cElectrophoretic mobility at the 𝐶𝐶𝐶. 

Nevertheless, the variations of CCCs in the presence of different types of IL solutions shed 

light on the importance of ion-specific effects on the particle aggregation processes. This is also 

supported by the fact that the magnitude of the mobilities at the same IL concentrations and the 

surface charge density values (Table 3) – obtained from the IL concentration-dependent potential 

data using the Debye–Hückel model (eq 9) – decreased in the order Cl− > Br− > NO3
− > Ac−. 

This sequence is also illustrated by the evolution of the CCCs, which is consistent with the 

indirect Hofmeister series (Figure 8) [100, 178]. Accordingly, the larger and less hydrated Ac− 

ions adsorbed most strongly on the hydrophobic, positively charged latex particle surface. The 

adsorption processes lead to a partial charge compensation, and thus to lower mobilities. 

However, the well-hydrated Cl− ions had a lower affinity to the particle surface and preferred to 

remain in the bulk. Therefore, the magnitudes of surface charge and mobility are largest in the 

presence of this ion. 

In contrast, in the case of SL-IP-2, the electrophoretic mobilities were the same within the 

experimental error for all systems (Figure 26a). After reaching an intermediate maximum, which 

is attributed to the electrokinetic effect [168], the mobility values decreased with increasing IL 

concentration in all cases, but no specific adsorption of IL anions was observed. The 
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insensitivity of the surface charge to the chemical composition of the surrounding anions in the 

SL-IP-2 systems is quite surprising, as specific adsorption of anions to positively charged bare 

latexes [100, 110] and to those functionalised with positively charged polyelectrolytes [179] has 

been reported in the past. 

 

Figure 26. Electrophoretic mobility (a) and stability ratios (b) of SL-IP-2 as a function of IL 

concentration. The measurements were performed at pH 4 and SL-IP-2 concentration was 

10 mg/L. The grey area shows the standard deviation of the data [I]. 

Furthermore, the stability plots were also identical within the experimental error regardless 

of the IL composition (Figure 26b), i.e., the onset of rapid particle aggregation was located at 

the same CCC for all systems (Table 3). It is important to note that in the slow aggregation 

regime, the decrease in stability ratio was not linear but curved, i.e., intermediate plateaus were 

observed at 10 mM IL concentrations. This occurrence is unusual for latex particles and is 

probably caused by the swelling of the adsorbed IP-2 layer, a phenomenon expected to take 

place within the same ionic strength range as the plateaus are situated [180]. Such swelling 

causes the formation of polyelectrolyte tails and loops on the surface, leading to a small rise in 

the stabilising steric forces [49], while the primary interactions between particles are still 

governed by DLVO forces. 

Given the very similar surface charge density and CCC values for the AL and SL-IP-2 

particles in the presence of indifferent KCl electrolyte (Figure 17), the striking contrast in charge 

and aggregation characteristics in IL solutions is very surprising. Figure 27a clearly shows the 

difference in the expression of the ion-specific effect for the latexes, as the presence of different 

IL anions led to different CCC values in the case of AL, whereas CCC did not depend on the IL 
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composition in the case of SL-IP-2. Remarkably, there are no similar findings in the existing 

literature, suggesting that the application of polyelectrolyte coating to mask ion-specific effects 

on particle aggregation is a unique and unexplored phenomenon. It could be exploited in 

applications where particles are dispersed in electrolyte mixtures, i.e., in the development of 

advanced composite materials for electrochemical purposes [181]. 

 

Figure 27. CCC values of AL (red circles) and SL-IP-2 (blue square) determined in the presence 

of ILs (a) and CCC versus the charge density data (b). The lines in (a) were added merely to 

guide the eyes, while (b) shows the DLVO prediction, which has been calculated by eq 24 [I]. 

In order to interpret the aggregation processes, the aggregation mechanism was further 

investigated using a relation derived from the DLVO theory [37, 176]: 

 
𝐶𝐶𝐶 =

0.365

𝑁𝐴𝐿𝐵

(𝐻𝜀0𝜀)−2 3⁄ 𝜎4 3⁄  (24) 

where 𝐿𝐵 is the Bjerrum length corresponding to the distance, at which the electrostatic 

interaction between two charges is of the order of thermal energy. Note that the Hamaker 

constant of 1.0×10−21 J was used for both AL and SL-IP-2 particles. In this model, it was 

assumed that the energy barrier vanishes at the CCC and that beyond this concentration the 

attractive forces between the particles prevail. The relation calculates the CCC values from the 

charge densities and provides a clear and precise understanding of the charge and aggregation 

process that goes beyond a qualitative analysis based on DLVO theory alone. Accordingly, the 

experimental CCC values were plotted against the surface charge density data and compared to 

the CCCs calculated using eq 24. The data presented in Figure 27b show a relatively good 

agreement between the calculated and experimental values, proving that the predominant 

interparticle forces are of DLVO origin, as only DLVO-type forces were included in the 
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calculations to derive eq 24. However, specific ion adsorption resulted in different surface 

charge densities for AL – decreasing in the order Cl− > Br− > NO3
− > Ac− – leading to weaker 

electrical double layer repulsion. Since the van der Waals forces are consistently present and are 

only slightly affected by the ionic strength [177], the decrease in CCC values in the specified 

sequence is attributed to the decreasing strength of the repulsive double layer forces. Overall, 

the DLVO forces determine the aggregation mechanism in aqueous IL dispersions, while the 

CCC is determined by the specific ion adsorption.  

In the case of SL-IP-2 particles, however, there is no such specific ion effect. The basic 

phenomenon responsible for this result is probably related to the degree of hydration of the 

surface and the counterions. In previous studies, it was found that weekly hydrated ions have a 

stronger affinity for hydrophobic surfaces, resulting in stronger adsorption to hydrophobic 

latexes [110], which is consistent with the observed behaviour of the AL particles. Since the 

same counterions were used for the SL-IP-2 particles, the lack of ion-specific effects suggests 

that the hydrophobic nature of SL was reduced by surface functionalisation with IP-2, so that 

the different affinity of the counterions based on their hydration level is not pronounced. The 

reduced hydrophobicity may be also attributed to the stacking interaction between the 

imidazolium groups of BMIM+ and IP-2. This interaction leads to an accumulation of BMIM+ 

on the surface, resulting in a more ionic interfacial environment. Previous studies have also 

reported similar stacking interactions as evidenced by electronic structure analysis [182]. 

Although in this case mainly polymeric particles were investigated, the same coating 

technique could potentially be applied to various surfaces in contact with ILs [45, 183-185], as 

this approach is promising for the creation of ionophobic surfaces. Nevertheless, it is crucial to 

carefully optimise the experimental conditions such as pH, polymer concentration, and ionic 

strength before performing the coating procedure. 

5.3.2. LDH particles in aqueous IL dispersions 

The effect of IL cations and anions on the charge and aggregation properties of LDH particles 

in dilute aqueous IL solutions was investigated in a similar manner as above. The IL 

composition, i.e., the type of anions and cations, was systematically varied in the samples. 

Accordingly, different anions were applied through BMIMCl, BMIMBr, BMIMNO3, 

BMIMSCN and BMIMDCA ILs, while the effects of the cations were studied in the presence 
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of BMIMCl, BMPYCl, BMPIPCl and BMPLCl. Note that for positively charged LDH, the 

anions were the counterions, while the cations acted as coions, thus the effect of both counter- 

and coions on the colloidal features of LDH was evaluated. 

First, the impact of the IL anions on the colloidal stability of LDH was investigated at pH 9. 

The results on electrophoretic mobilities are shown in Figure 28a, which indicate that although 

the mobility values were system-specific, the trend in their concentration dependence is very 

similar in all cases. The values decreased with increasing IL concentration due to the surface 

charge screening by the IL components so that the mobility data approached zero at higher ionic 

strengths. However, they remained positive over the entire range studied due to the inherent 

structural charge of the particles. The observed peak in the trend of mobilities at low 

concentrations was attributed to the electrokinetic phenomenon, a typical occurrence for charged 

particles moving in an electric field [168].  

 

Figure 28. Electrophoretic mobility (a) and stability ratios (b) of LDH particles in the presence 

of ILs composed of different anions (Cl−, Br−, DCA−, SCN− and NO3
−) and the BMIM+ cation. 

The lines in (a) serve to guide the eyes, while in (b) they were calculated using eq 14. The 

measurements were performed at pH 9 and the LDH concentration was 10 mg/L [II]. 

The stability plots were then determined – under the same experimental conditions (e.g., 

particle concentration, pH, and IL concentration range) as in the electrophoretic studies – in the 

LDH-containing dispersions to enable a direct comparison of the charge and aggregation 

processes. The results shown in Figure 28b indicate that the general trend was the same as that 

experienced for inorganic electrolytes (Figure 19c). Accordingly, slow aggregation and stable 

samples were observed at low concentrations of IL, while the dispersions became unstable at 
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high ionic strength, as indicated by the stability ratio values close to one. As mentioned in the 

previous chapter, these charge and aggregation mechanism tendencies are typical for systems, 

in which the main interparticle forces arise from DLVO-type interactions, i.e., the colloidal 

stability of dispersions is determined by the superposition of attractive van der Waals and 

repulsive electrical double layer forces. However, the ion-specific effect also had a significant 

influence in the case of LDH, as shown by the fact that the magnitude of the mobility values at 

given IL concentrations decreased in the order Cl− > Br− > DCA− > SCN− > NO3
−, which trend 

was also illustrated by the order of surface charge densities and CCCs shown in Table 4.  

Table 4. Characteristic charging and aggregation data of LDH particles measured in diluted IL 

solutions. 

IL cations BMIM+ BMIM+ BMIM+ BMIM+ BMIM+ BMPL+ BMPY+ BMPIP+ 

IL anions Cl− Br− DCA− SCN− NO3
− Cl− Cl− Cl− 

𝜎 (mC/m2)a 16 6 3 2 1 14 8 4 

𝐶𝐶𝐶 (mM)b 70 15 6 4 0.8 50 30 10 

∆𝑓𝑎𝑠𝑡 

(×10−3 s−1)c 
1.07 0.93 0.79 1.04 0.76 0.97 0.98 1.06 

aSurface charge density determined with eq 9. bCritical coagulation concentration calculated by 

eq 14. cApparent aggregation rate coefficient in the fast aggregation regime obtained by eq 12. 

Subsequently, the effect of IL cations on the charging properties and aggregation behaviour 

of LDH particles was also studied. The electrophoretic mobility and stability ratio values of the 

positively charged particles were strongly influenced by the type of IL cations (BMIM+, 

BMPIP+, BMPL+, and BMPY+) when the same (Cl−) counterion was used. Figure 29a shows 

that the general evolution of the charge features was similar to that described previously, i.e., 

the mobility values decreased as the concentration of the ILs increased due to charge screening. 

Besides, the shape of the stability plots (Figure 29b) was identical to the plots for varying anions 

(Figure 28b), i.e., slow aggregation occurred at low concentrations, fast aggregation at high 

concentrations, and these two regimes were separated by the CCC.  

Although these observations are typical for colloidal systems containing charged particles in 

electrolyte solutions, the actual values of mobilities and stability ratios are sensitive and depend 

on the composition of the IL. Indeed, ion-specific interactions of IL cations with the like-charged 

surface of LDH particles were confirmed by the difference in the obtained surface charge density 

and CCC values, which decreased in the BMIM+ > BMPL+ > BMPY+ > BMPIP+ order (Table 
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4). Interestingly, the CCC values previously reported for colloidal particles in the presence of 

different monovalent inorganic coions did not show a clear correlation with the type of coion 

[100, 186]. Nevertheless, in a comprehensive study involving ILs, the aggregation processes 

were influenced by the nature of the coion [110], mainly due to the short-range attraction 

between the IL constituents, as suggested by direct force measurements [69]. 

 

Figure 29. Electrophoretic mobility (a) and stability ratios (b) of LDH particles in the presence 

of ILs composed of different cations (BMIM+, BMPIP+, BMPL+, and BMPY+) and the Cl− 

anion. The lines in (a) serve to guide the eyes, while in (b) they were calculated using eq 14. 

The measurements were performed at pH 9 and the LDH concentration was 10 mg/L [II]. 

The origin of the interaction forces between LDH particles in dilute IL solutions was also 

explored using the relationship derived from the DLVO theory, similar to the case of the latexes 

presented in the previous section. The experimentally determined CCCs as a function of charge 

densities are presented together with the fit obtained from eq 24 in Figure 30. To achieve the 

optimal fit to the experimental data, a Hamaker constant of 1.4×10–20 J was used in eq 24, which 

value aligns with the one obtained earlier for LDH particles [176]. The good agreement between 

the experimental and calculated data confirms that the predominant interparticle forces are of 

DLVO-type and have a similar origin regardless of the type of IL ions. However, the CCC values 

are governed by the change in the surface charge due to adsorbing IL constituents, whose affinity 

is different, leading to a variation in the strength of the stabilising electrical double layer forces. 

In the aforementioned CCC sequence observed for the counterions (i.e., anions) – 

Cl− > Br− > DCA− > SCN− > NO3
− (Figure 31a) – the trend of the first four ions is consistent 

with the indirect Hofmeister series for positively charged hydrophobic particles determined in 
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inorganic salts [100], which was previously also established for LDH [101, 170] (see Figure 

30b). Thus, the well-hydrated Cl− ions prefer to remain in the bulk solution and lead to the 

highest CCC value, as they exhibit minimal adsorption on the hydrophobic LDH particles and 

thus retain a higher surface charge compared to the other anions studied. Conversely, the poorly 

hydrated SCN− ions adhere strongly to the particle surface and result in partial charge 

compensation, leading to a lower surface charge and a lower CCC value. 

 

Figure 30. (a) Dependence of the CCC on the charge density at the slip plane in the presence of 

different IL anions (blue) and cations (red). The solid line shows the DLVO prediction, which 

was calculated by eq 24. (b) Schematic representation of the indirect Hofmeister series of anions 

that form inorganic salts (blue) and ILs (red) and the combination of these [II]. 

However, based on the order of the obtained parameters describing colloidal phenomena, the 

behaviour of NO3
− ions is more complex. According to the indirect Hofmeister series for 

positively charged LDH, the CCC values in the presence of NO3
− ions should be higher than 

those for the SCN− anion, as in the case of inorganic electrolytes [170]. But on the contrary, the 

lowest values were obtained in its presence. Such a deviation from the conventional sequence 

could be attributed to the distinct counterion affinity towards the oppositely charged particles 

and the different degrees of ion pair formation of the IL on the surface. It is known that ions in 

different ILs can associate in the bulk [187, 188]. However, the IL constituents can also form 

ion pairs with the oppositely charged ions while adsorbed on the particle surface [110]. 

Accordingly, BMIM+ cations can adsorb on the positively charged LDH surface, which could 

lead to a stronger co-adsorption of NO3
− ions due to the associated IL molecules on the surface. 

This phenomenon then affects the surface charge and consequently the CCC.  
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Comparing the CCC data in the presence of ILs with literature values for LDH particles in 

the presence of dissolved inorganic salts with the same anions [101], it becomes evident that the 

CCCs in dilute ILs differ considerably, emphasizing the importance of the nature of cations 

(potassium or BMIM+ coions) in the system. The combined sequence is shown in Figure 30b. 

Moreover, the highest CCC value in the case of BMIM+ indicates the adsorption of these coions 

on the LDH surface, as already surmised in the discussion of the effects of IL anions in these 

systems. Such adsorption leads to a slightly higher surface charge density and consequently to 

stronger electric double layer forces and a higher CCC value. 

Ion specificity was then further addressed in the case of both counterions and coion by 

comparing aggregation rates in the fast aggregation regime, i.e., above the CCCs. At such high 

IL concentrations, the viscosity of the IL solutions may differ significantly from that of pure 

water, which could lead to differences in the absolute aggregation rates. However, the viscosities 

of the investigated IL solutions were the same in the studied concentration range within the 

experimental error, so the apparent aggregation rates (eq 12) could be used for comparison to 

clarify system specificities. Accordingly, the fast aggregation rate coefficients remained almost 

identical regardless of the nature of the IL constituents, although the CCC depended strongly on 

the type of counterion (Figure 31a) and the coion (Figure 31b) present (see Table 4 for all data). 

 

Figure 31. CCCs (circles, left axis) and apparent fast aggregation rate coefficients (squares, right 

axis) for LDH particles in the presence of (a) different IL anions and (b) cations. Rates were 

determined by averaging the aggregation rates obtained above the CCC in each system [II]. 

These observations suggest that the origin of the attractive forces (i.e., van der Waals and 

possible hydrophobic interactions) is similar regardless of the nature of the ions. This could be 

established because at such a high ionic strength, the electrostatic repulsion was completely 
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screened so that any differences in the fast aggregation rates could be attributed to forces other 

than the traditional DLVO interactions. Similar observations have already been reported for 

latex particles in the presence of various inorganic salts and ILs, when Cl−, Br−, N(CN)2
−, and 

SCN− anions were studied alongside Na+, BMIM+ and BMPL+ cations [110]. 

The distinction between the impact of anions and cations on the CCC values is also important. 

The CCC values vary within two orders of magnitude for the anions (Figure 31a), being the 

highest for Cl− and lowest for NO3
−, while the changes in the cation series were moderate, 

decreasing by about one order of magnitude (Figure 31b). This difference can be explained by 

the fact that counterions tend to adsorb more strongly to surfaces, which increases the expression 

of ion specificity [189]. Consequently, changes in surface charge are more significant when 

counterions are adsorbed, leading to a broader range of CCCs due to the strong link between 

surface charge and aggregation properties. Similar differences were noted in surface charge 

density and CCC data when ionic liquid components were involved as counterions or coions in 

latex [110] and titanium dioxide [68] particle dispersions. 

5.4. Concept of LDH delamination in IL media 

Although previous studies have reported composites of ILs and LDHs [89, 142, 143, 190], no 

comprehensive investigations have been performed to assess the potential delamination of 

single-phase layered LDHs into 2D double hydroxide materials with a thickness of one or a few 

nanosheets. To fill in this gap, the delamination of mesoporous LDHs in ILs – namely EAN and 

BMIMSCN – under ambient conditions with minimal external energy input was investigated. 

The selected ILs have attracted considerable research attention and are predicted to offer 

benefits in delamination processes due to their favourable interfacial properties and moderate 

viscosities. In the liquid-phase delamination process, 20 mg of LDH powder was dispersed in 

4 mL of solvent (water or various ILs), followed by sonication for 1 hour and subsequent mixing 

in a vertical rotator for 2 days. 

First, XRD, SAXS, and SWAXS measurements were performed to confirm the layer 

formation and thus, to prove the successful synthesis of the mesoporous LDH structure. The 

XRD analysis of the LDH powder sample is shown as a black curve in Figure 32a and depicts 

the characteristic sharp diffraction peaks (003, 006, 012, 015, and 018), which are typical of 

LDH-based crystalline materials [145]. Using the Scherrer equation and the half-width of the 

(003) diffraction peak, the average crystallite size was determined to be 15.4 nm. Considering 
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that the basal interlayer spacing of LDH is about 0.8 nm [146], it was calculated that the LDH 

particles in this solid sample consist of approximately 19 layers stacked together. 

 

Figure 32. (a) XRD pattern of powder LDH (black), wet colloidal LDH aggregates from water-, 

EAN- and BMIMSCN-based suspensions. (b) Raw SWAXS curves of LDH samples in water, 

EAN, and BMIMSCN compared to the pure solvent curves and the SWAXS curve of the LDH 

powder sample in arbitrary units [IV]. 

Comparing the diffractogram of the powder (black curve) with the diffractogram of the 

aqueous LDH dispersion (blue curve) in Figure 32a, they show very similar patterns, indicating 

that the main crystalline phase of the LDH material remained unchanged after dispersion in 

water. However, the XRD patterns of the LDH dispersions in BMIMSCN and EAN (represented 

by green and red curves, respectively) lack distinct sharp peaks, suggesting that the LDH 

delamination in these samples occurred under ambient conditions with minimal external energy 

input. Note that the broad XRD peaks visible in Figure 32a for the dispersions (within the 2θ 

range of 10° to 30°) represent the background scattering contributions associated with the 

solvent structures [191], i.e., water, EAN, and BMIMSCN. 

To confirm the presence of delaminated LDH nanosheets in the IL dispersions, SWAXS and 

SAXS techniques were applied. When the SWAXS results for LDH powder (black curve in 

Figure 32b ) (with the characteristic 003, 006, 012, and 015 LDH patterns) are compared with 

the XRD data for the same sample (black curve in Figure 32a), it can be seen that the SWAXS 

peaks are slightly broader, which is due to the experimental smearing effects caused by the 

applied line-collimated primary beam in the SWAXS instrument (which causes some 

broadening of the scattering peaks) [154]. In order to elucidate the scattering contributions of 

the pure solvent, both the SWAXS data of the LDH dispersions and those of the corresponding 
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pure solvents are shown together in pairs. Figure 32b indicates that the scattering curves of the 

two water-based samples (light and dark blue curves) are practically identical and overlap, 

suggesting that no LDH particles were detected in the aqueous dispersion. At first sight, this 

may seem unexpected given the XRD results for the aqueous LDH dispersion (Figure 32a). 

However, it is important to note that the SWAXS measurements were performed on freshly 

prepared, low-viscosity liquid samples, in which the crystalline LDH particles can quickly settle 

to the bottom of the cylindrical measuring capillary. Therefore, these particles are not within the 

scattering volume, i.e., the main X-ray beam passing through the central part of the capillary. 

Conversely, the liquid samples were condensed before performing XRD measurements to obtain 

thick, gel-like samples. In this state, the crystalline LDH particles did not settle and remained in 

the main X-ray beam of the XRD instrument. The SWAXS data thus demonstrates the lack of 

delamination of LDH in aqueous dispersion.  

In contrast, the delamination of LDH crystallites and the formation of stable LDH nanosheet 

dispersions were observed in both EAN and BMIMSCN. This observation was established from 

the fact that the pairwise scattering curves shown in Figure 32b for the two IL samples (light 

and dark red curves for EAN; light and dark green curves for BMIMSCN) were almost identical 

over the entire range of the scattering vector, except for the very low values, i.e., below 2 nm–1 

in the SAXS region, indicating the presence of stable nanoparticles in these two dispersions. 

Moreover, in the SWAXS data of the IL-based LDH dispersions, no significant scattering was 

seen at the positions corresponding to the scattering peaks of the crystalline LDH powder sample 

(peaks 003, 006, 012, and 015 of the black curve), proving delamination. 

In addition, the existence of the exfoliated LDH nanosheets in ILs was also evidenced by the 

broad scattering peaks in the SAXS data in Figure 33a after subtracting solvent scattering. To 

further corroborate these results, an IFT approach was used to analyse the SAXS data [155, 

192]. The IFT fits are included in Figure 33a. The resulting pair distance distribution functions 

p(r) are shown for the IL-based delaminated LDH dispersions in Figure 33b, which provide 

information on the overall size of the nanoparticles. The total effective nanoparticle size – which 

represents the lateral dimensions of the delaminated LDH nanosheets – was found to be 

approximately 60 nm in both the BMIMSCN and EAN dispersions. Furthermore, the 

asymmetric p(r) function curves indicate the non-spherical shape of these particles, which is 

expected given their assumed 2D nanosheet structure.  
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Figure 33. (a) Experimental SAXS curves (with IFT fit and cut-off IFT fit) of LDH dispersions 

in BMIMSCN and EAN. The background solvent scattering is subtracted. (b) Pair distance 

distribution function p(r) normalised to the maximum value of 1 and (c) the thickness pair 

distance distribution function pt(r) obtained by the IFT method from the SAXS data of the LDH 

dispersions in BMIMSCN and EAN [IV]. 

For platelet-shaped particles that are large in two dimensions, a special IFT analysis mode 

can be used that employs a cut-off at low values of the scattering vector to generate the pt(r) 

function, which provides information about the thickness of the scattering nanosheets. The pt(r) 

curves (depicted in Figure 33c) show a strong decrease from a thickness of 15.4 nm to about 

1.5 nm, with some extended side wings reaching thicknesses of about 4 and 6 nm for 

BMIMSCN and EAN systems, respectively. This observation confirms the successful 

ultrasound-assisted delamination of LDHs in these particular IL dispersions. 

The AFM technique was then used to obtain visual information about the particles and to 

further investigate the population of LDH nanosheets. Accordingly, large platelets – up to 

300 nm in lateral dimensions – were found in the AFM images of the aqueous LDH dispersion 

(see Figure 34a). The corresponding height profiles indicate thicknesses of about 15–20 nm, 

which agrees well with the thickness of 15.4 nm determined from the XRD data of the 

crystalline powder sample (Figure 32a). This provides further evidence that there was no 

delamination of the LDH crystallites in the aqueous dispersion. However, the AFM results, i.e., 

the height/distance profiles obtained in EAN (Figure 34b) and BMIMSCN (Figure 34c), show 

that the lateral dimension and thickness of the LDH nanosheets in the IL-based dispersions were 

significantly smaller compared to the crystalline platelets observed in water. 
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Figure 34. AFM images of LDHs along with the associated height profiles (corresponding to 

the labelled particles) derived from (a) water, (b) EAN, and (c) BMIMSCN dispersions [IV]. 

The distribution histograms – based on several AFM images – demonstrate that the average 

lateral size of LDH platelets decreased from 187 ± 50 nm in water (Figure 35a) to 32 ± 8 nm in 

EAN (Figure 35b) and 39 ± 8 nm in BMIMSCN (Figure 35c), while the thickness of the 

particles decreased from 12 ± 6 nm in water (Figure 35d) to 2 ± 1 nm and 1.7 ± 0.8 nm for EAN 

(Figure 35e) and BMIMSCN (Figure 35f), respectively. The nanosheets after sonication-assisted 

delamination in ILs have lateral dimensions of up to 60 nm and consist of up to 6 or 7 layers. 

Note that the majority consists of 2 or 3 layers, as shown in Figure 35h and Figure 35i. These 

results are in good agreement with the SAXS data described above. Based on the results, it can 

be concluded that either the LDH crystallites remain unchanged or that the large crystalline 

lamellar aggregates form when the LDH powder is dispersed in water. Besides, simultaneous 

disaggregation and delamination of the LDH particles occurred in the ILs after dispersion, which 

was accelerated by mild sonication. 

Note that similar partial delamination and cleavage of aggregates were previously reported 

for LDH in an organic solvent [193]. In addition, similar results were reported for IL-assisted 

delamination of graphene [9, 127]. This phenomenon can be explained by the reduced attraction 

between the LDH layers, as IL constituents tend to arrange on charged surfaces in an ordered 

form consisting of cation and anion layers. Such an interfacial arrangement leads to the 

emergence of repulsive oscillatory forces that overcome the attractive van der Waals and 

electrostatic interactions between the LDH layers. This repulsion triggers delamination and 
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disaggregation, leading to the formation of well-dispersed LDH nanosheets. Importantly, the 

dispersions obtained in ILs were stable for at least 6 months, indicating a good stabilising effect 

of ILs for LDH nanosheets through interfacial structuration. This emphasizes the ability of ILs 

to influence surface interactions at the LDH-IL interface, thus preventing aggregation and 

ensuring long-term dispersion stability. 

 

Figure 35. Distribution histograms of the diameter (a–c), thickness (d–f) and the stacked LDH 

layers (g–i) after sonication-assisted delamination of LDH in water (a, d, g), EAN (b, e, h) and 

BMIMSCN (c, f, i) [IV]. 

These findings prove the concept of delamination of LDH by ILs under ambient conditions, 

which is an excellent way to prepare 2D double hydroxide nanosheet dispersions in one step 

using a non-volatile solvent.  
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6. Summary 

Ionic liquids, characterised by their ionic composition and liquid state below 100 °C, offer 

versatile solvents with advantageous properties, making them key in various applications. In 

particular, ILs play a crucial role in particle dispersions, either as the primary medium or as an 

additive. To optimise these applications, it is essential to understand the mechanisms that 

determine the stability of particle dispersions in ILs. Therefore, the overall aim was to 

investigate the fundamental stabilisation mechanisms and interactions of IL-containing 

dispersions, focusing in particular on the charge and aggregation relationships of the different 

particles. 

First, time-resolved light scattering measurements in aqueous EAN solutions containing 

dissociated and hydrated IL ions have shown that the aggregation of both bare SL and 

polymer-coated SL-IP-2 particles is primarily driven by electrostatic forces. This electrostatic 

stabilisation regime shows an increased aggregation rate with IL content and reaches a plateau, 

analogous to the inorganic salts. By further increasing the IL concentration, the diffusion of the 

particles is limited by the increased viscosity of the medium, which leads to a slight increase in 

stability (viscous stabilisation). Remarkably, in pure EAN – with minimal water content – the 

particles exhibited high stability, contradicting theories that predict rapid aggregation at elevated 

ion concentrations. The absence of particle motion in neat EAN when applying an electric field 

during electrophoretic light scattering measurements, challenged the notion of electrostatic 

stabilisation observed in dilute IL solutions. Instead, the stability of these dispersions is 

attributed to repulsive oscillatory forces arising from the layer-by-layer assembly of the IL 

constituents on the particle surfaces (solvation stabilisation). These findings provide valuable 

insights into the origin of primary interparticle forces that determine the colloidal stability in 

both pure ILs and their aqueous solutions. 

Secondly, the effect of the addition of sodium nitrate on the aggregation processes in SL/EAN 

dispersions was systematically investigated over a wide range of IL concentrations. In this way, 

the influence of sodium ions on the interfacial self-assembly was explored, since nitrate ions 

were naturally present in the IL studied. For negatively charged SL particles where sodium 

served as a counterion, the introduction of sodium nitrate led to a stabilisation of the dispersion 

in the intermediate IL concentration range, which is attributed to the accumulation of sodium 

ions at the interface. This stabilising effect was evidenced by significantly reduced aggregation 
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rates compared to systems containing only EAN, with the extent of stabilisation increasing 

proportionally with the amount of salt added. In contrast, the expected salt-dependent 

stabilisation pattern was not observed for the SL-IP-2 particles, where the sodium ions had the 

same sign of charge as the particle surface. The effect of the added ions is therefore mainly 

determined by their charge, size, affinity to the surface, and the surface characteristics of the 

tested particles. 

Thereafter, the ion-specific effect of IL constituents on the colloidal stability of polymeric 

particles was investigated in aqueous IL dispersions featuring various anions and the BMIM+ 

cation. The electrophoretic mobility and stability ratio values of positively charged AL particles 

were strongly influenced by the type of anion present, i.e., the CCC and surface charge density 

values followed the Cl− > Br− > NO3
− > Ac− order. The observed trend is consistent with the 

reversed Hofmeister series of anions for positively charged hydrophobic surfaces. Ion-specific 

adsorption led to a reduction in surface charge density, resulting in lower CCC values, which 

was particularly pronounced for strongly adsorbing anions such as acetate. Overall, ion 

specificity played a crucial role in the adsorption process, while the aggregation mechanism 

together with the primary interparticle forces was consistent with the DLVO theory. 

However, the effects of the ion-specific interactions could be mitigated by modifying the 

negatively charged surface of the latex particles with the positively charged IP-2 polymer. This 

modification “turned” the IL anions into indifferent salt components, which resulted in the 

electrophoretic mobility and stability ratio values of SL-IP-2 particles being the same in the 

presence of different ILs, i.e., the CCC values obtained were the same regardless of the type of 

anion being present. This unexpected behaviour suggests that coating a surface with a 

polyimidazolium compound can effectively mask the specific ion effects at the interface. These 

findings point to new ways of producing processable particle dispersions in ionic environments, 

regardless of their composition. 

Given that ILs have shown considerable potential as a substitute for conventional organic 

solvents in exfoliation processes of layered materials, the interactions between IL components 

and LDH were investigated in both aqueous and pure IL environments. First, the ion-specific 

effect in IL-containing aqueous dispersions was investigated by systematically varying the IL 

anions and cations. The study showed a strong dependence of LDH particle stability, i.e., CCC 

values, on the chemical composition of both the counterions 
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(Cl− > Br− > DCA− > SCN− > NO3
−) and the coions (BMIM+ > BMPIP+ > BMPL+ > BMPY+). 

Since the experimental aggregation kinetics were in good agreement with the predicted data, the 

origin of the interparticle forces was classified as electrostatic, in line with the classical DLVO 

theory. However, the distinct adsorption affinities of the IL constituents led to different 

modifications of the surface charge, which contributed to the observed differences in CCC 

values. A notable aspect was the comparison of CCCs measured in the presence of IL and 

inorganic salt-forming anions. The presence of BMIM+ or K+ cations in the system resulted in 

significant differences in the CCCs for chloride, nitrate, and thiocyanate anions. Particularly 

striking was the case of nitrate ions, where the CCC measured in BMIM-nitrate solutions was 

the lowest, contrary to expectations based on the indirect Hofmeister series. This discrepancy is 

attributed to the different degrees of IL ion pair formation, which is more pronounced in the 

BMIM-thiocyanate system, leading to lower concentrations of dissociated and adsorptive 

thiocyanate ions and consequently to higher CCC values. These results emphasise the complex 

interplay between IL composition, ion interactions, and colloidal stability in LDH particle 

dispersions. 

Subsequently, the concept of LDH delamination using ILs under ambient conditions was 

supposed to be validated. For this purpose, two ILs were selected as delamination media based 

on the available information and the observed affinity of the IL constituents to the LDH surface. 

Successful delamination, i.e., the conversion of lamellar LDH into 2D double hydroxide 

nanosheets, in EAN and BMIMSCN was confirmed by the disappearance of characteristic 

diffraction peaks when LDH crystallites were dispersed in ILs. This transformation was further 

supported by SWAXS and SAXS results as well as by an evaluation of the height profiles of the 

nanoparticles using AFM. The results showed a reduction in both the thickness and lateral size 

of the dispersed particles in IL-based samples, indicating not only delamination but also 

cleavage of the LDH materials. These results confirm the feasibility of delaminating layered 

materials with ILs at room temperature and provide an efficient approach to prepare 2D double 

hydroxide nanosheet dispersions in a single step using “green” (non-volatile) solvents. 
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7. Összefoglalás 

Az ionos folyadékok olyan, 100 °C alatti hőmérsékleten folyékony halmazállapotú anyagok, 

amelyek a hagyományos oldószerektől eltérően teljes egészükben ionokból állnak. Ebből 

adódóan rendkívül sajátos fizikai-kémiai tulajdonságokkal rendelkeznek, ami érdekessé teszik 

őket a számos alkalmazás szempontjából. A technológiák optimalizálásához elengedhetetlen a 

kolloidstabilitást befolyásoló tényezők megértése IL-ek jelenlétében. Általános célunk ezért az 

IL-tartalmú diszperziókban megfigyelhető alapvető stabilizációs mechanizmusok és 

kölcsönhatások feltárása volt különböző részecskék töltés és aggregációs viszonyainak nyomon 

követése által. 

Időfüggő fényszórás mérések alapján híg vizes EAN közeg esetén, ahol a komponens ionok 

disszociált és hidratált formában vannak jelen, mind SL, mind a polimerrel bevont SL-IP-2 

részecskék aggregációját elsősorban elektrosztatikus kölcsönhatások irányítják. Ebben a 

tartományban az aggregáció sebessége meredeken nőtt az IL tartalom növelésével egy adott 

határértékig, mely tendencia a szervetlen sókra is jellemző. Tovább növelve az EAN 

koncentrációt, a részecskék diffúziós sebességét limitálja a közeg megnövekedett viszkozitása, 

ami a stabilitás enyhe növekedésében nyilvánul meg (viszkózus stabilizáció). Majd tömény 

EAN közegben – amikor a víz csak kis mennyiségben van jelen – nagy stabilitású diszperziókat 

figyeltünk meg, ami ellentmond a magas iontartalom esetén gyors aggregációt jósló 

kolloidstabilitást leíró elméletnek. Tiszta EAN-ban nem lehetett kimutatni a részecskék 

elektroforetikus fényszórás mérések során alkalmazott elektromos tér hatására történő 

elmozdulását. Ez alapján az IL-ekben diszpergált részecskék töltését teljes mértékben 

árnyékolják az adszorbeálódó ionok, vagyis a tömény IL-ekben megfigyelt stabilizáció az IL 

komponensek határfelületi rétegeződése következtében kialakuló oszcillációs taszítóerők által 

értelmezhető (szolvatációs stabilizáció). Ezen eredmények rávilágítanak a részecskék 

kolloidstabilitásáért felelős fő kölcsönhatások eredetére mind tiszta IL-ekben, mind pedig azok 

vizes oldataiban. 

Ezt követően az előzőekben tárgyalt széles EAN koncentrációtartományban vizsgáltuk a 

nátrium-nitrát hozzáadásának hatását a latex diszperziók kolloidstabilitására nézve. Mivel a 

nitrátionok már eleve jelen voltak a rendszerben az EAN komponenseként, nyomon követhetővé 

vált a nátriumionok határfelületi rendeződésre gyakorolt hatása. Negatív töltésű SL részecskék 

esetén jelentős stabilizáció volt megfigyelhető a köztes EAN koncentrációtartományban a só 
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hozzáadásának következtében, amit az aggregációs állandók jelentős csökkenése jelzett A 

nátriumionok határfelületen történő feldúsulásának eredményeképpen a stabilizáló hatás a 

hozzáadott só mennyiségének növelésével kifejezettebbé vált. Ezzel szemben, a pozitív töltésű 

SL-IP-2 részecskék esetén a meghatározott aggregációs állandók kísérleti hibán belül 

megegyeztek a hozzáadott só koncentrációjától függetlenül, vagyis a só jelenléte nem 

befolyásolta a kolloidstabilitást. A hozzáadott ionok hatását bizonyíthatóan azok töltése, mérete, 

felülethez való affinitása, illetve a vizsgált részecske felületének tulajdonságai határozzák meg 

elsősorban. 

Ezután különböző anionokat és BMIM+ kationokat tartalmazó vizes IL oldatok jelenlétében 

vizsgálva a polimer alapú latex részecskék kolloidstabilitását bebizonyosodott, hogy a pozitív 

töltésű AL részecskék elektroforetikus mobilitás és stabilitási arány értékei érzékenyek a 

jelenlévő anionok anyagi minőségére. Az ionspecifikus adszorpció a felületi töltéssűrűség eltérő 

mértékű módosításához vezet, ezáltal a CCC értékek a Cl− > Br− > NO3
− > Ac− sorrendet 

követték. Az anionok ezen sorrendje megfelel a fordított Hofmeister-sorozatnak, amelyben az 

egyes ionok a pozitív töltésű hidrofób felületekhez való affinitásuk alapján foglalják el a 

helyüket. Amíg az eltérő destabilizáló hatásért az ionspecifikus adszorpció a felelős, addig a 

részecskeaggregáció mechanizmusa a DLVO-elméletbe foglalt vonzó- és taszító erőket 

feltételezve jól leírható. 

Ezzel szemben az ionspecifikus kölcsönhatások elfedhetőnek bizonyultak a negatív töltésű 

SL részecske pozitív töltésű IP-2 polimerrel történő felületmódosítása révén. Ennek 

következtében a különböző anionok azonos mértékben befolyásolták a kolloidstabilitást, azaz 

az SL-IP-2 részecskék CCC értékei azonosak voltak különböző IL-ek jelenlétében, azok anyagi 

minőségétől függetlenül. Az eredmények alapján lehetőség van az ionspecifikus hatások 

elfedésére poliimidazóliummal történő funkcionalizálással, ami új lehetőségeket kínál 

részecskediszperziók ionos környezetben történő előállítására, függetlenül azok összetételétől. 

Tekintettel arra, hogy az IL-ek potenciális oldószer, illetve adalékanyagjelöltek a réteges 

szerkezetű anyagok delaminálásra a szerves oldószerekkel szemben, vizsgáltuk az IL 

komponensek és az LDH részecskék közötti kölcsönhatásokat mind vizes, mind tiszta IL 

közegben. Először az IL-ek összetételét szisztematikusan változtatva vizsgáltuk az 

ionspecifikus hatást vizes IL közegű LDH diszperziókban. A kolloidstabilitás, és ezáltal a CCC 

értékek erős függést mutattak mind az ellenionok (Cl− > Br− > DCA− > SCN− > NO3
−), mind 
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pedig a mellékionok (BMIM+ > BMPIP+ > BMPL+ > BMPY+) kémiai minőségétől. A mért és a 

DLVO elmélettel számolt adatok egyezése alapján megállapítható, hogy az aggregáció DLVO 

erők által vezérelt, viszont az ionok specifikus adszorpciója különböző mértékben módosítja a 

részecske felületi töltéssűrűségét, ami döntően befolyásolja az elektrosztatikus eredetű 

részecske-részecske kölcsönhatások erősségét és így a CCC értékeket. További értékes 

információt szolgáltatott az IL és a szervetlensó alkotó anionok jelenlétében mért CCC-k 

összehasonlítása. Attól függően, hogy milyen kation volt jelen a rendszerben mellékionként 

(BMIM+ vagy K+), a Cl−, NO3
− és SCN− anionok esetében meghatározott CCC értékek 

jelentősen eltértek. Ez a nitrátionok esetén volt a legszembetűnőbb, ugyanis a BMIMNO3 

jelenlétében mért CCC volt legkisebb, holott a közvetett Hofmeister sorozat alapján ezt a 

BMIMSCN rendszer esetében várnánk. A jelenség mögött az eltérő mértékű IL ionpár 

képződése áll, amely a BMIMSCN rendszerben fokozottabban következik be, ezáltal pedig 

csökken a disszociált és adszorpcióra képes tiocianátionok koncentrációja, ami magasabb CCC 

értéket eredményez. Ezen megfigyelések hangsúlyozzák az IL összetétel, az ionok közötti 

kölcsönhatások és a kolloidstabilitás összetett kapcsolatát LDH-tartalmú diszperziókban. 

Végül igazoltuk, hogy az LDH részecskék IL közegben történő delaminációja mérsékelt 

körülmények között egyetlen lépésben megvalósítható. Két IL-t választottunk delaminációs 

közegként a rendelkezésre álló információk és az IL-összetevők LDH felületéhez való affinitása 

alapján. A réteges szerkezet IL-ekben (EAN és BMIMSCN) történő megbontását az LDH – és 

annak vizes diszperziója – esetén megfigyelhető diffrakciós csúcsok eltűnése igazolta. A 

folyamat hatására mind a részecskék vastagsága, mind pedig átmérője jelentősen csökkent, 

amely az IL-ekben bekövetkező delamináció mellett a részecskék hasadását is jelzi, amit SAXS 

és SWAXS mérések is igazoltak. Ezen eredmények alátámasztják a réteges anyagok IL-ekben 

történő delaminálásának megvalósíthatóságát szobahőmérsékleten, és hatékony alternatívát 

kínálnak 2D kettős hidroxid nanolapok egy lépésben történő előállítására, "zöld" (nem illékony) 

oldószerekben. 
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