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Szilagyi, I. Effect of Water and Salt on

the Colloidal Stability of Latex

Particles in Ionic Liquid Solutions.

Colloids Interfaces 2022, 6, 2. https://

doi.org/10.3390/colloids6010002

Academic Editor: habil. Reinhard

Miller

Received: 26 November 2021

Accepted: 29 December 2021

Published: 31 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

colloids 
and interfaces

Article

Effect of Water and Salt on the Colloidal Stability of Latex
Particles in Ionic Liquid Solutions
Dóra Takács 1 , Matija Tomšič 2 and Istvan Szilagyi 1,*
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Abstract: The colloidal stability of sulfate (SL) and polyimidazolium-modified sulfate (SL-IP-2) latex
particles was studied in an ionic liquid (IL) of ethylammonium nitrate (EAN) and its water mixtures.
Aggregation rates were found to vary systematically as a function of the IL-to-water ratio. Repulsive
electrostatic interactions between particles dominated at low IL concentrations, while they were
significantly screened at intermediate IL concentrations, leading to destabilization of the dispersions.
When the IL concentration was further increased, the aggregation of latex particles slowed down
due to the increased viscosity and finally, a striking stabilization was observed in the IL-rich regime
close to the pure IL solvent. The latter stabilization is due to the formation of IL layers at the interface
between particles and IL, which induce repulsive oscillatory forces. The presence of the added salt in
the system affected differently the structure of the interfaces around SL and SL-IP-2 particles. The
sign of the charge and the composition of the particle surfaces were found to be the most important
parameters affecting the colloidal stability. The nature of the counterions also plays an important
role in the interfacial properties due to their influence on the structure of the IL surface layers. No
evidence was observed for the presence of long-range electrostatic interactions between the particles
in pure ILs. The results indicate that the presence of even low concentrations of water and salt
in the system (as undesirable impurities) can strongly alter the interfacial structure and thus, the
aggregation mechanism in particle IL dispersions.

Keywords: ionic liquid; aggregation; latex particle; light scattering; colloidal stability

1. Introduction

Room temperature ionic liquids (ILs) are a class of tunable and extraordinarily versa-
tile solvents composed solely of ions and hence, they possess a variety of properties making
them interesting for numerous applications [1,2]. For instance, they have advantageous
characteristics such as negligible vapor tension, nonflammability, wide electrochemical
window, high boiling, and low freezing points. Therefore, their operational range is quite
imposing. In addition, they possess interesting solvation and interfacial properties. Thus,
developing particle dispersions in ILs is a continuously evolving field since the physico-
chemical properties of the IL-(nano)particle dispersions can be superior compared to the
ones of the one phase counterparts [3]. This improvement strongly depends on the balance
of bulky and interfacial interactions between ILs and the particles [4,5]. Applications of
IL-particle dispersed systems include producing functional nanomaterials [6,7], catalytic
reactions [8–10] and various electrochemical processes [1,11], to name a few. Since the
importance of these utilizations has begun to grow, the fundamental research must focus
on the understanding of the mechanisms behind the stabilization of (nano)particles in ILs.
While the properties of bulk ILs often define the solvent physicochemical parameters, when
used as the solvent, these properties may be altered at the solid–IL interface due to the
denser ion structuration near to the charged surface [12–14].
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In general, the stability of colloidal systems is known to be governed by a balance of
attractive and repulsive forces, which are well described for aqueous dispersions by the
classical Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory [15–17]. To prevent the
particle aggregation in these colloids, the surface of the particles can be tailored to enhance
the strength of the repulsive forces enough to overcome the van der Waals attraction and
keep the particles separated [16]. This repulsion can be obtained either electrostatically
or sterically or it can result from the combination of these two effects (electrosteric) [16].
Such stabilization can be achieved by modifying the surface of the particles with polymeric
substances [15,18]. Nevertheless, ILs are fundamentally different in relation to the solvent
properties of the polar liquids, since the electrostatic stabilization is typical for the polar
molecular liquids is unlikely to occur in them, as their strong ionic character prevents the
manifestation of the classical long-range repulsive interparticle interactions due to their
strong charge screening [19,20]. Therefore, the proposed stabilizing mechanism in ILs is
the so-called solvation force. In this situation, a solvation layer of IL ions forms around the
particles resulting in repulsive interparticle interactions [6,21,22].

Experiments have recently demonstrated that the nanoscale features of ILs may be
useful for controlling the stability of particle dispersions. The scattering measurements and
molecular dynamic simulations revealed that many ILs are nanostructured in bulk [23–25]
and the surface force measurements have demonstrated that this structuring manifests as
layering, when ILs get in contact with solid surfaces [14,26,27]. Therefore, it is evident that
the interfacial assembly of the IL ions around the particles has an important stabilization
role in the particle suspension, since it greatly influences the interactions between the
surfaces [18,28]. Besides, the IL constituents have distinct affinity to a given surface, so they
can modify the surface charge in different extent, which affects the aggregation process
in the media applied [22,29–31]. Therefore, to possibly tune the colloidal stability of an
IL based dispersion, the parameters, which affect the strength on interactions between IL
constituents and the solid surface, should be explored and optimized.

The properties of the solid–liquid interfaces are determined by the features of both
the surface and the liquid. However, the surface composition can be further altered by
introducing external influences, such as changes in ionic strength, temperature, or pH.
In addition, many applications of ILs require homogeneously dispersed (nano)particles
across a broad range of conditions [4,5,32]. Therefore, the consequences caused by the
undesirable presence of water and/or salt impurities in such systems must be clarified. It
is assumed that these components can strongly alter the interfacial structure of the solid–IL
interface, since the IL solvation layering is disrupted in their presence [33–35]. Despite the
absence of the aforementioned long-range electrostatic interactions in ILs, the charge of the
surface and of the ions present determines the composition and structure of the adsorbed
interfacial layer. Unfortunately, only a limited number of studies have been performed
investigating the effect of added salt on the stability of IL based colloidal systems. For
example, it has been shown, that the presence of Li+ in a silica–IL colloidal dispersion
modifies the microstructure of the system and has a strong influence on the structuring of
the interface [33]. Nevertheless, there is a lack of extensive research studies performed on
IL-based colloidal dispersions containing additionally dissolved salts.

The scope of this work is to contribute to the fundamental understanding of the struc-
turing features of solid–IL interface by focusing on its response to external influences, as
the addition of water and Na+ salt to the colloidal system. Both the dispersed phase, in a
form of the dispersed latex particles, and the IL solvent phase, represented by the pure ethy-
lammonium nitrate (EAN), have been individually studied before, but their mixed system
provides an excellent platform to explore fundamental charging and aggregation processes
in such dispersions. EAN was chosen as it possesses some properties (e.g., relatively mod-
erate viscosity and refractive index, low melting point), which makes it suitable for light
scattering based studies as the present one. While latex particles have proved to be appro-
priate model particles to study fundamental aggregation processes. Therefore, this paper
provides an improved understanding of how the above-mentioned factors govern the
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interfacial composition, as the presented findings offer tools for tuning and optimizing the
stability of IL-particle dispersions for specific applications. Note that surface charges and
aggregation rates were also explored by our group in other particle-IL systems, but those
studies concentrated on particles dispersed in diluted aqueous IL solutions [30,31,36,37].
The present work focuses on a much wider range of IL concentration (up to pure EAN) and
on the effect of both water and salt content on the colloidal stability of the dispersions.

2. Materials and Methods
2.1. Materials

Spherical sulfate functionalized polystyrene latex particles (SL) were purchased from
Thermo Fischer Scientific. The particles have a mean radius of 215 nm, a polydispersity
of 1.8% expressed as coefficient of variation and a charge density of 12 mC/m2. These
quantities were determined by the manufacturer using transmission electron microscopy
(TEM) and conductometric titration, respectively. Dynamic light scattering (DLS) yielded
slightly higher hydrodynamic radii (257 nm) in stable suspensions, due to the finite poly-
dispersity of the original samples, since the particles of higher size contribute much more
to the scattered intensity in the DLS measurements, than the smaller ones. Note that the
negative charge of the particles is compensated with K+ counterions.

The polyimidazolium-based polymer (IP-2) with Cl− counterions was synthesized
according to the protocol described elsewhere [38]. The immobilization of the IP-2 polymer
onto the surface of SL particles (denoted as SL-IP-2 thereafter) was achieved by simple
mixing of proper volumes of ultrapure water, IP-2 and SL particle samples. The stock
suspensions were subsequently diluted to 20 mg/L for light scattering measurements and
set to pH 4 by HCl (VWR). During sample preparation, ultrapure water was obtained from
Puranity TU+ (VWR) apparatus. Prior to use, the water and the electrolyte solutions were
filtered with 0.1 µm syringe filters (Millex) to prevent dust contamination.

Ethylammonium nitrate (EAN) was purchased from IoLiTech GmbH (Heilbronn,
Germany). It belongs to the class of room-temperature ILs, and it is completely miscible
with water in all concentration ratios. For analysis of DLS measurements, the viscosity
and refractive index data for EAN–water mixtures were taken from the literature [39]. The
concentration of pure EAN is 11.6 mol/L, while the water content was below 3 g/L (which
corresponds to 0.17 M), as determined by Karl-Fischer coulometric titrations using a KEM
MKC-710 Karl Fischer Moisture Titrator. Sodium nitrate (NaNO3) used as background
electrolyte was purchased from AnalR NORMAPUR.

2.2. Dynamic Light Scattering

Time-resolved DLS was applied to follow the possible aggregation processes in the
samples. The measurements were performed using a NIBS High-Performance Particle
Sizer (ALV GmbH) equipped with a 3 mW He-Ne laser of 633 nm wavelength and the
scattering angle was 173◦. The samples were prepared by mixing the appropriate amount
of water with EAN and salt solutions to achieve the desired IL and NaNO3 concentrations.
The experiments were initiated by adding the aqueous particle suspension to the IL–water
mixture in the cuvette, followed by rapid mixing. The final particle concentration was
20 mg/L, which was sufficiently low that the particle aggregation endured in its early
stages and the contribution of the higher order aggregates could be neglected. This method
limited the lowest achievable water content to about 3 g/L.

DLS probes the fluctuations of the scattered light and evaluates the dependence of the
intensity correlation function with time. Each correlation function was recorded for 20 s
and it was fitted with cumulant method to obtain the decay rate constant (Γ) [40]. From
this constant, one can extract the translational diffusion coefficient (D), which is converted
to hydrodynamic radius (Rh) by means of the Stokes–Einstein relation [41]

D =
Γ
q2 =

kBT
6πηRh

(1)
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where η is the viscosity of the media, T is the absolute temperature, kB is the Boltzmann
constant, and q is the magnitude of the scattering vector. The apparent dynamic rate
constant (∆), which describes the initial increase of Rh, is given as [40,42]

∆ =
1

Rh(q, 0)
·
(

dRh(q, t)
dt

)
t→0

= kN0

(
1− 1

α

)
I2(q)

2I1(q)
(2)

where t is the experimental measurement time, N0 is the initial number concentration of
the particles (4.55 × 1014 L/m3), k is the absolute aggregation rate coefficient (in m3/s
unit), and α is the hydrodynamic factor. This factor represents the ratio between the
diffusion coefficients of the monomer (D1) and the dimer (D2) and its numerical value
can be estimated from calculation of the friction coefficient of a dimer under laminar flow
conditions (α = D1/D2 = 1.39) [43]. The contribution of the form factors of the monomer
I1(q) and the dimer I2(q) to the scattered intensity was predicted by the Rayleigh–Gans–
Debye approximation as I2(q)/2I1(q) = 1 + (sin(2qR1)/2qR1), where R1 is the radius of
the particle [17,40]. In the early stages of aggregation, only a dimer formation is assumed,
until the Rh does not increase more than 40% in these measurements. The value of ∆ can be
obtained from the initial slope of the apparent Rh versus time, as shown in the Figure 1.
Note that Rh always increases with time in an aggregating suspension, as one would
intuitively expect. The standard error of the obtained ∆ values was about 8%.

Colloids Interfaces 2022, 6, 2  4  of  14 
 

 

this constant, one can extract the translational diffusion coefficient (𝐷), which is converted 

to hydrodynamic radius (𝑅 ) by means of the Stokes–Einstein relation [41] 

𝐷
Γ
𝑞

𝑘 𝑇
6𝜋𝜂𝑅

  (1)

where  𝜂  is the viscosity of the media,  𝑇  is the absolute temperature,  𝑘   is the Boltzmann 

constant, and  𝑞  is the magnitude of the scattering vector. The apparent dynamic rate con‐

stant (Δ), which describes the initial increase of  𝑅 , is given as [40,42] 

Δ
1

𝑅 𝑞, 0
∙
𝑑𝑅 𝑞, 𝑡

𝑑𝑡
→

𝑘𝑁 1
1
𝛼

𝐼 𝑞
2𝐼 𝑞

 (2)

where  𝑡  is  the experimental measurement  time, 𝑁   is  the  initial number concentration 

of the particles (4.55 × 1014 L/m3),  𝑘  is the absolute aggregation rate coefficient (in m3/s 

unit), and  𝛼  is the hydrodynamic factor. This factor represents the ratio between the dif‐

fusion coefficients of the monomer (𝐷 ) and the dimer (𝐷 ) and its numerical value can be 

estimated from calculation of the friction coefficient of a dimer under laminar flow condi‐

tions (𝛼 𝐷 𝐷⁄ 1.39) [43]. The contribution of the form factors of the monomer  𝐼 𝑞  
and the dimer  𝐼 𝑞   to the scattered intensity was predicted by the Rayleigh–Gans–De‐

bye approximation as  𝐼 𝑞 2𝐼 𝑞⁄ 1 sin 2𝑞𝑅 2𝑞𝑅⁄ , where  𝑅   is the radius of the 
particle  [17,40].  In  the early stages of aggregation, only a dimer  formation  is assumed, 

until the  𝑅   does not increase more than 40% in these measurements. The value of  Δ  can 
be obtained from the initial slope of the apparent  𝑅   versus time, as shown in the Figure 

1. Note that  𝑅   always increases with time in an aggregating suspension, as one would 

intuitively expect. The standard error of the obtained  Δ  values was about 8%. 

 

Figure 1. Time‐dependence of the hydrodynamic radii measured by DLS for SL particles in EAN–

water mixtures at different EAN concentrations on the water‐rich side (a) and on the IL‐rich side 

(b). The solid lines present the linear fits to the data used to calculate the aggregation rate constants 

according to Equation (2). 

2.3. Phase Analysis Light Scattering 

Continuously monitored phase  analysis  light  scattering  (cmPALS) measurements 

were performed with a Litesizer 500 instrument (Anton Paar) at a scattering angle of 175° 

to determine the electrophoretic mobility of the particles in IL–water mixtures. The ap‐

plied voltage during the measurements was 200 V. In operation, the light source is pro‐

ducing coherent primary light beam, which is split by a beam splitter. One part is sent to 

the oscillating modulator and the other part is used in the light scattering experiment. The 

scattered light is then combined with the modulated reference beam from the modulator 

and detected on the primary scattering detector. Additionally, also a smaller part of the 

modulated reference beam from the modulator is monitored continuously by a secondary 

Figure 1. Time-dependence of the hydrodynamic radii measured by DLS for SL particles in EAN–
water mixtures at different EAN concentrations on the water-rich side (a) and on the IL-rich side
(b). The solid lines present the linear fits to the data used to calculate the aggregation rate constants
according to Equation (2).

2.3. Phase Analysis Light Scattering

Continuously monitored phase analysis light scattering (cmPALS) measurements were
performed with a Litesizer 500 instrument (Anton Paar) at a scattering angle of 175◦ to
determine the electrophoretic mobility of the particles in IL–water mixtures. The applied
voltage during the measurements was 200 V. In operation, the light source is producing
coherent primary light beam, which is split by a beam splitter. One part is sent to the
oscillating modulator and the other part is used in the light scattering experiment. The
scattered light is then combined with the modulated reference beam from the modulator
and detected on the primary scattering detector. Additionally, also a smaller part of the
modulated reference beam from the modulator is monitored continuously by a secondary
detector and used for the corrections of possible instabilities in modulator frequency. The
resulting monitor trace represents the reference beam, while the detector trace shows the
interference (modulation) between the scattered light from the sample and the modulated
reference beam. The obtained phase plot shows the phase difference between the detector
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and the monitor traces due to the Doppler effect on the scattered light by moving scattering
particles and the fit of the cmPALS to the data, from which the electrophoretic mobility
values were determined. This parameter quantifies the ratio between the travel velocity of
the particle relative to the applied electric field. The sample preparation was identical as in
the DLS measurements with the exception that the samples were allowed to rest for 2 h at
room temperature before the measurements, which occurred after 1 min equilibration time
in capillary cuvettes or with the Univette accessory (Anton Paar). The latter measuring cell
is recommended for high conductivity samples; therefore, it was used to measure samples
containing ILs. Five runs were performed and averaged.

3. Results and Discussion

The aggregation kinetics and charging characteristics of bare and IP-2 functionalized
SL particles dispersed in IL–water mixtures in the concentration range from dilute solution
of EAN in water to neat EAN containing only a small amount of water were investigated
by light scattering measurements. The effect of added NaNO3 salt on the colloidal stability
of these systems was also assessed. The principal aim of these experiments determining the
electrophoretic mobilities and aggregation rates was to clarify the behavior of EAN at the
solid–liquid interface and to study the sensitivity of the surface compositions to external
influences, such as addition of water or salt.

3.1. IP-2 Functionalization of SL

Commercially available SL particles were functionalized with oppositely charged IP-2
polymer. The aim was to find the optimal experimental conditions for stable dispersion of
SL-IP-2 particles coated with the polymer. The pH of the samples was kept at 4.0, and the
dispersions contained 10 mM KCl as a background electrolyte. Electrophoretic mobility
measurements were performed to follow the adsorption of the polymer on the particle
surface and the resulting data recorded at various IP-2 doses are shown in Figure 2.
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Figure 2. Electrophoretic mobility (circles, left axis) and absolute rate coefficient (squares, right axis)
values of SL particles as a function of the IP-2 dose. The measurements were performed in aqueous
dispersions at pH 4 and 10 mM ionic strength adjusted by KCl. The unit mg/g refers to mg IP-2 per
one gram of SL. The arrows indicate the axis, to which mobility (blue arrow) and aggregation rate
(red arrow) data points belong. The lines serve to guide the eye. The upper part of the figure shows
the structure of IP-2 polymer.
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In general, the mobilities changed from negative to positive by increasing the added
amount of IP-2 polymer, indicating its strong affinity to the oppositely charged particle
surface. The mobility values were negative at low doses, since the polymer was able to
only partially compensate the surface charge of the particles at these conditions. A further
increase in the IP-2 dose led to the charge neutralization at the isoelectric point (IEP), where
the particles have zero net charge. The adsorption process continued at higher doses and
subsequent charge reversal of the particles occurred leading to positive net charge on the
particles. At the highest doses applied, the mobility values reached a plateau with an
onset around a 200 mg/g dose. Note that the coated particles possess significantly lower
magnitude of mobility at the plateau than the bare particles indicating a lower surface
charge density in the former case.

Furthermore, the absolute aggregation rate coefficients were determined by time-
resolved DLS measurements under the same experimental conditions as the electrophoretic
mobilities to explore particle aggregation processes in the dispersions. Figure 2 indicates
that the gradual decrease in the mobility values is in line with the changes in the absolute
aggregation rates. Accordingly, when the particles possess high electrophoretic mobility
values (either negative or positive), the aggregation rate values are low indicating the
stable dispersions or slow aggregation. However, at IP-2 doses near to the IEP, the rate
values increase indicating a rapid particle aggregation and hence, unstable samples. Such
a charging and aggregation behaviors resemble the one observed earlier in oppositely
charged polyelectrolyte–particle systems [31,36,44,45] and are in qualitative agreement
with the DLVO theory, which predicts the stable dispersions in case, when the surface
charge is high and the corresponding repulsive double layer forces prevail the attractive
van der Waals interactions [46].

Based on these results, the particles prepared at a dose of 500 mg/g (sample denoted
as SL-IP-2) were used for the further studies. At this composition, the SL particle surface is
fully coated with the polymer, while the high positive charge and very low aggregation
rate ensure appreciable colloidal stability of the SL-IP-2 sample. Therefore, in the following,
the negatively charged particles are referred to as SL and positive ones as SL-IP-2 particles.

3.2. Generic Trend in Aggregation Kinetics

First, the aggregation characteristics of the SL and SL-IP-2 particles in EAN and in
its water mixture systems were explored. Figure 3 indicates that in general, three main
aggregation regimes were identified in both cases. Namely, at the water-rich side, i.e., up
to 1.0 M EAN concentration, the aggregation rates were initially low, but they increased
rapidly with increasing IL contents until they reached the plateau values. This tendency is
consistent with the DLVO theory predictions and hence, it was named as DLVO regime.
Accordingly, the initial increase of the aggregation rate values corresponds to the slow
aggregation region, in which the trend is mainly governed by the progressive charge
screening by the EAN ions and simultaneous surface adsorption of the counterions. Note
that for the negatively charged SL particles ethylammonium cations, while for the positively
charged SL-IP-2 nitrate anions were the counterions. The plateau at higher concentrations of
EAN refers to the fast aggregation region, where the percentage of particle collisions, which
lead to dimer formation only depends on the rate of their diffusion in the given media. The
obtained absolute aggregation rates in this fast aggregation regime (k f ast) were found to be
2.63 × 10−18 m3/s and 5.12 × 10−18 m3/s for the SL and SL-IP-2 particles, respectively.
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This scenario is similar to the one induced by the simple inorganic salts [30,47,48],
since the ILs tend to fully dissociate and hydrate in dilute aqueous solutions, similar
as observed for the inorganic electrolytes [21,30,49]. The sharp transition between the
reported fast and slow aggregation regimes is located at the so-called critical coagulation
concentration (CCC). Therefore, this parameter can quantify the destabilization power of
the given solvent medium. The obtained CCC values in the water-rich regime (CCCW)
are expressed as molar concentrations of EAN (Table 1), but those in the IL-rich regime
(CCCIL) are expressed as molar concentration of water. They were determined from the
data presented in Figure 3 and are gathered in Table 1. The presented findings are generic
for both SL (see Figure 3a) and SL-IP-2 particles (see Figure 3b).

Table 1. Characteristic aggregation data of the 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

a Concentration of EAN in M. b Concentration of water in M. The accuracy of the CCC determination method is
about 10%.

In the second regime, i.e., at intermediate EAN concentrations above 1.0 M, the de-
crease in the aggregation rates was gradual. This trend arises due to the increasing viscosity
of the mixture. Nevertheless, the aggregation remains diffusion controlled. Therefore, this
regime was designated to exhibit the viscous stabilization. To consider such a stabilization
mechanism the aggregation rates were normalized by the Smoluchowki rate (kS), which
takes into account the dynamic viscosity of the solution for diffusion-controlled aggregation
as follows [22]

kS =
8kBT

3η
(3)

Since the viscosities of the mixtures strongly increase with increasing IL concentration,
in parallel the Smoluchowski’s value decreases. Therefore, the normalized rate coefficient
(k/kS) remains constant in the entire viscous stabilization regime, which proves that the
gradual slowdown in the aggregation is caused by the increased viscosity of the media and
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that the aggregation is diffusion controlled [48]. Note that the experimentally obtained ag-
gregation rate coefficients (k) were smaller than the calculated values (kS) by a factor around
2–3 in the fast aggregation regime. This discrepancy is because absolute rate constants are
influenced by hydrodynamic and van der Waals interactions, while Smoluchowski’s theory
neglects them. Similar phenomena were observed in aqueous dispersion of other colloidal
particles [50,51].

Finally, in the last regime, upon further increasing the IL concentration, one observes
a rapid decrease of the aggregation rates. This phenomenon was denoted as solvation
stabilization. In this regime, the samples contained only a small concentration of water.
Since the stabilizing mechanism in IL media lies on the formation of solvation layers
(which will be further discussed later), the water present in the samples can disrupt the
layering of IL constituents at the particles surface. Similar interfering role of water at the
interface was reported in other works as well [22,52,53]. The onset of the third characteristic
regime is identified by the sudden decrease of the normalized aggregation rates at high IL
concentration. Here, a similar critical coagulation concentration (CCCIL) can be identified as
in the case of DLVO regime. Therefore, CCCIL represents the transition between the viscous
and solvation stabilization regimes and is expressed in molar concentration of water.

The obtained CCCIL values (see Table 1) indicate that for the destabilization of the
particles in the EAN-rich regime, the higher concentration of water is needed in the case of
SL-IP-2 particles. This most probably originates from the fact that EAN is a good solvent
for the coating polymer and creates a solvation sphere with polymer tails and loops around
the SL particle, which manifests itself as an additional stabilizing contribution of steric
origin acting between the adsorbed IP-2 layers [54].

In addition, one also observes that the magnitude of the aggregation rate coefficients
in the intermediate regime for the SL-IP-2 particles is much higher than for the SL particles.
This difference occurs due to the significantly higher surface charge of the bare SL particles
(see Figure 2), which results in somewhat stronger electrostatic repulsion between the
particles, i.e., in slower aggregation.

3.3. Charging Characteristics

To further investigate the behavior of ILs upon interaction with charged particles,
the electrophoretic mobility values for both particles in the whole range of EAN–water
mixtures were determined. It should be noted that the acidity conditions before the particle
transfer to the IL–water mixtures are of great importance, because they determine the
initial surface charge of the particles that is crucial from the aspect of the colloidal stability,
i.e., charging feature affect the aggregation processes in terms of the nature or origin of
interparticle forces [32]. Under the given experimental conditions (pH 4) the SL particles
have negative charge, but the SL-IP-2 particles are positively charged.

Figure 4a shows that although the electrophoretic mobility values are specific to the
given particles, the trends in the magnitudes are very similar in both cases. Accordingly,
their absolute value initially decreases with increasing the EAN concentration due to
the surface charge screening and eventually settles very close to zero at higher EAN
concentrations. This behavior is typical for charged colloids suspended in monovalent
salt solutions and can be well-explained with the traditional theories developed for the
description of the electrical double layer [30,55]. In addition, the phase plots shown in
Figure 4b provide information about the motion of the particles in the given media. One
can observe that in the water-rich regime the charged particles tend to move towards
the electrode of opposite polarity. However, on the IL side, where solvation stabilization
occurs, no particle movement could be detected by applying the electric field during the
cmPALS measurements.
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Figure 4. Charging characteristics of polystyrene latex particles in EAN–water mixtures. Elec-
trophoretic mobility values of SL and SL-IP-2 particles at different EAN concentrations (a) and the
obtained 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) (b). Phase plots showing the phase difference between
the detector trace and the monitor trace (black lines), while the grey (water) and red (EAN) lines
indicate the cmPALS fit to the data. The solid lines in (a) represent the interpolation according to
Equation (4).

The repulsive interactions that exist between nanoparticles in common solvents are
generally electrostatic or steric in nature [16]. However, these observations suggest that if
nanoparticles are successfully stabilized in EAN, electrostatic interparticle interactions may
not be expressed because they are assumed to be quenched by the overwhelming ionic
environment of the medium. Even though the particle surfaces are charged, conventional
models of electrostatic repulsion in water cannot be successfully used in this case, since
they are unable to account for such high ionic strengths as in ILs. In such cases, the
origin of colloidal stabilization is most likely related to the formation of IL layers at the
nanoparticles surface. Nonetheless, electrostatic interactions exist between all the charged
species present in the system (anions, cations, and the particle surface charge), and are
responsible for the nanoscopic structural organization. As shown in several experimental
studies [6,21,26,33,56] and numerical simulations [57,58], such interactions originate from
the structuration of IL layers near surfaces.

Furthermore, using the measured electrophoretic mobility values on the water-rich
side CCCW values can be calculated based on the DLVO theory [59]. Since the mobility
data correlate with the electrokinetic potentials [17,60], the following equation can be used.

CCCW =
1

8πlB

(
24π

Heεε0

)2/3
σ4/3 (4)

where lB is the Bjerrum length, H is the Hamaker constant, e is the base of the natural
logarithm, ε is the dielectric constant, ε0 is the vacuum permittivity, and σ is the surface
charge density of the particle at the slip plane, which can be determined with the Debye-
Hückel model [46]. The Hamaker constants used for the calculations was 9 × 10−21 J [29].
The obtained CCCW values for the SL and SL-IP-2 particles were 0.25 M and 0.14 M,
respectively, which are in a good agreement with the experimentally determined ones (see
Table 1). The results imply that DLVO forces acted between particles in both systems in the
water-rich regime (DLVO regime) and that the magnitude of the surface charge determines
the CCCW , which is higher for SL than for SL-IP-2 (see the mobility magnitudes in Figure 2
at low and high IP-2 doses).
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3.4. Effect of Added Salt

Subsequently, the effect of the addition of NaNO3 on the aggregation processes in the
particle-EAN systems was studied. It is expected that Na+ ion shows stronger influence on
the interfacial features, since NO−3 ions were already present in the mixtures as a component
of EAN (i.e., NO−3 was chosen because no additional anions are introduced into the systems
in this way). Note that, for the SL particle, Na+ was the counterion, while for the SL-IP-2,
it acts as coion. Figure 5 shows the obtained aggregation rate trends for both studied latex
particle types in the EAN–water mixtures at different concentrations of NaNO3
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Figure 5. Absolute aggregation rate coefficients (a,b) and the same quantities normalized to the
Smoluchowski rate coefficients (c,d) of SL (left column) and SL-IP-2 particles (right column) versus
the EAN concentration in EAN–water mixtures with different concentrations of NaNO3 background
electrolyte. The pH value of the aqueous stock solutions was set to 4.

The CCCW values tend to decrease for both type of particles with increasing the
concentration of NaNO3, in the system (see Table 1). Accordingly, the smallest CCCW can
be observed in the presence of 0.1 M NaNO3, due to the more significant charge screening
from the increased amount of counterions, which agrees with the DLVO theory prediction.

Nevertheless, the CCCIL value, which was determined at the IL-rich side, tend to
be independent from the presence of NaNO3 for both type of particles, i.e., the obtained
values were identical within the experimental error as in previously investigated systems
with no salt added. However, the values significantly differ for the two particle types,
probably due to the presence of additional steric interactions between the adsorbed IP-2
layers in case of SL-IP-2 particles. Such an additional repulsion led to increased resistance
against water induced aggregation. The CCC values deduced from Figure 5c,d for SL and
SL-IP-2 particles are summarized in Table 1.
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Besides, Figure 5a further indicates that the presence of the Na+ ions seems to stabilize
the SL dispersions in the intermediate concentration regime in EAN–water system, where
the viscous stabilization occurs, since the aggregation rates in the presence of salt ions tend
to be almost one order of magnitude smaller than in the case when the simple electrolyte is
not present. Another noteworthy observation is that this stabilization is more pronounced
with increasing amount of Na+ ions, e.g., the aggregation rates were the lowest at the
presence of 0.1 M NaNO3. This trend can be partly explained by the accumulation of
Na+ ions on the negatively charged SL particle surface and thus, they are most probably
involved in the development of the initial cationic layer, which compensates the negative
charge of the SL. As Na+ ions can interact with the EAN components at the interface, they
contribute to the formation of ordered solvation layers around the particle and consequently,
also to the development of more stable particles. Similar scenario was observed for different
solid/IL interfaces in the presence of inorganic ions [33,61]. In general, the influence of
added ions can be attributed to their affinity with cations, anions, and the particle surface, to
their size compared to that of the components of the IL and to their interaction with water.

Nevertheless, the generic trend in the aggregation rate coefficients in the case of SL-
IP-2 particles, where the Na+ ions have the same sign of charge as the polymer-coated
particles, was very similar in all cases, i.e., the above-mentioned NaNO3 concentration
dependence on k could not be observed. This fact indicates that the electrostatic repulsion
between the co-ions and the charged particle may lead to very weak adsorption, therefore
Na+ ions interact only slightly with the particles of the same sign of charge and hence, their
influence on the particle surface charge is negligible. As a result, the aggregation features of
the SL-IP-2 particles are basically independent of the presence of the background salt and
the obtained fast aggregation rates remain unchanged within the experimental uncertainty
regardless of the NaNO3 concentration.

4. Conclusions

Results of time-resolved light scattering measurements performed in aqueous EAN
solutions revealed that the aggregation of bare and polymer functionalized latex particles is
governed by electrostatic forces in the diluted IL samples, where dissociated and hydrated
IL ions are present. The particle aggregation slows down at higher IL concentrations
due to the increased viscosity of the medium. Besides, the particles were highly stable in
pure ILs, where only a small amount of water was present. Under the latter experimental
conditions, no significant change in the particle movement could be detected with applying
an electric field in electrophoretic experiments. This indicates that the prevailing nature of
colloidal stability of these systems is not electrostatic as in diluted IL solutions and that the
dispersions are stable, rather due to repulsive oscillatory forces resulting from the layered
assembly of the IL constituents on the particle surface. These results shed light on the
origin of the main interparticle forces responsible for the colloidal stability of the particles
in both pure ILs and in their aqueous solutions.

Furthermore, the effect of added NaNO3 to the system was also studied. The results
indicate that the Na+ ions change the interfacial assembly of IL ions in the studied system
and influence the stability of the colloidal dispersions. Such influence may be more or less
significant, depending on the nature of the added ions (size, affinity to the surface and
the solvation level of the ions) and the surface charge of the particles. In conclusion, the
organization of the IL constituents at the particle surface as well as the interparticle forces
can be altered by adding the appropriate type and amount of salt, which is particularly
important once particle–IL dispersions are designed for certain applications. Knowing the
physico-chemical parameters of the particles and ILs applied, the stability regimes can be
qualitatively predicted based on the present findings.
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