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We report here a review of particle-laden interfaces. We discuss the importance of the particle’s wettability, accounted for by the
definition of a contact angle, on the attachment of particles to the fluid interface and how the contact angle is strongly affected by
several physicochemical parameters.The different mechanisms of interfacial assembly are also addressed, being the adsorption and
spreading the most widely used processes leading to the well-known adsorbed and spread layers, respectively. The different steps
involved in the adsorption of the particles and the particle-surfactant mixtures from bulk to the interface are also discussed. We
also include here the different equations of state provided so far to explain the interfacial behavior of the nanoparticles. Finally,
we discuss the mechanical properties of the interfacial particle layers via dilatational and shear rheology. We emphasize along that
section the importance of the shear rheology to know the intrinsic morphology of such particulate system and to understand how
the flow-field-dependent evolution of the interfacial morphologymight eventually affect some properties ofmaterials such as foams
and emulsions. We dedicated the last section to explaining the importance of the particulate interfacial systems in the stabilization
of foams and emulsions.

1. Introduction

The assembly of micro- and nanoparticles at fluid inter-
faces, both liquid/vapor and liquid/liquid, has become a
topic with increasing interest in recent years due to the
many theoretical and practical implications associated with
these systems [1–3]. This is associated with the ubiquitous
presence of particles trapped at fluid interfaces in nature
and in technological processes [4–8]. Beyond their interest
in technological applications such as the stabilization of
dispersed systems (foams, emulsions, or thin films), flotation
processes, encapsulation, pharmaceutical formulations, or
food technology [9–17], particles at fluid interfaces present
a more fundamental interest because they provide good
models for studying physicochemical features of interfacial

soft systems such as their interaction potentials, structure,
and rheology [3, 18, 19]. Furthermore, the increasing devel-
opment of the processes for fabrication of nanoparticles
based materials has raised important questions related to the
potential risks and hazards associated with the interactions
of nanoparticles with the environment [20–22] and with cells
and tissues [23–30]. These toxicological aspects of particles
are generally associated with their interactions with fluid
interfaces. Thus, the understanding of the interaction of
particles at fluid interfaces has been focused on the efforts
of many researches in the last thirty years, becoming an
important challenge for both academia and industry in the
development of new products and processes [1–4, 31, 32].
Despite the extensive research on this type of systems many
questions such as the processes involved in the particle
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adsorption or the relationship between the structure and
properties of the interfacial layers formed by particles remain
poorly understood yet [1, 3].

Themain difficulty for the comprehensive understanding
of the formation processes and properties of particle-laden
interfaces is associated with the complex interplay between
different physicochemical-chemical aspects such as particle
wettability, size, shape, surface charge, and chemical nature
[4, 32].These aspects govern the attachment of particles to the
fluid interfaces in such a way that in many cases it is difficult
to be quantified, thus leading to complex scenario in which
many forces operate synergistically.

One of the difficulties associated with the understanding
of particle-laden interfacial layers is their multiphase charac-
ter where three different interfaces can be identified, being
one of them a fluid-fluid interface, that is, liquid/vapor or
liquid/liquid, whereas the other two are two solid-fluid inter-
faces. The definition of the interface as a multiphase region
can be easily understood by the schematic representation in
Figure 1(a) [1, 33, 34].

The attachment of particles to fluid interfaces leads to the
formation of particle assemblies that modify the mechanical
stability of the interfaces, providing the bases for hinder-
ing the drop/bubble coalescence. This important property
of particle-laden interfaces has been developed from the
pioneering works by Ramsden [35] and Pickering [36] for the
stabilization of bubbles, thin films, or dispersed systems [5,
13]. However, there still is a poor knowledge on the governing
laws of the stabilization phenomena. Thus, several questions
have been raised in the last years in relation to the role
of particles in the stabilization of interfaces. Among them,
the understanding of the energies involved in the particles
attachment to fluid interfaces is probably one of the most
important ones since they play a central role in determining
the reversibility and irreversibility of the particle attachment
to fluid interfaces. Another aspect to understand is the role
of particle layers in the stabilization of interfaces, that is, the
mechanical performance of particle-laden interfaces [37–39].
This is critical because most of particulate interfacial sys-
tems undergo shear and dilational deformations under flow
[32]. Thus, particle layers must provide enough mechanical
resistance to guarantee the stabilization of drops and bubbles
under mechanical tension conditions. However, a strong
controversy has been recently raised in this topic and many
questions remain still open [40–43].This is related to the role
in the stabilization of the dispersed systems of aspects such
as the particle distribution at the interface, particle contact
angle and morphology, or even the aggregation degree of
these particles that makes rationalizing the real role of the
mechanical stability of the particle-laden interface difficult
[1].

It is also important to consider the role of the mor-
phology of the interface in their mechanical stabilization
by the attachment of particles. This plays a central role
because many of the technological applications of systems
involving the interaction of particles with fluid interfaces
require designing structures with a defined geometry [1, 18,
19, 32]. Furthermore, it has been found that particles at
fluid interfaces can be distributed forming a wide variety
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Figure 1: (a) Sketch of the contact angle, 𝜃, for a particle at a fluid
interface. 𝛾

𝑃𝑓1
is the interfacial tension particle-bottom fluid, 𝛾

𝑃𝑓2
the

interfacial tension particle-upper phase, 𝛾
𝑓1𝑓2

the interfacial tension
fluid-fluid, and 𝜏 the line tension associated with the contact line of
the particle with the interface. (b) Sketch of the position of a particle,
with increasing hydrophobicity at the interface. Reproduced from
[2], Copyright 2014, with permission from Elsevier.

of structures ranging from perfect 2D crystal to amorphous
patterns of aggregated particles [18, 19]. Thus, it is expected
that the presence of different interfacial structure can affect
the mechanical performance of the layers and their collapse
mechanism with the appearance of buckling, jamming, or
expulsion phenomena in the particle-layer interfaces [32, 44,
45]. In this context, the understanding of the interactions
involved in particle-laden interfaces plays a central role due
to their importance in the control of the structural features of
particle layers and in the film properties (optical, mechanical,
etc.) [46, 47].

This paper presents an overview of the most recent
advances in the understanding of particle-laden layers. We
focus our attention on the forces involved in the particle
attachment to the fluid interface and on the effect of particles
on the mechanical performance of interface. We also address
how the stabilization of dispersed systems can be enhanced
using particulate systems, emphasizing the correlation of the
destabilization processes with the aforementioned parame-
ters.

2. Attachment of Particles to Fluid Interfaces:
Contact Angle and Trapping Energy

Two different routes allow the particles to arrive to the
interface [51]: the direct interfacial assembly from bulk
dispersions forming an adsorbed monolayer [52, 53] or the
direct spreading of controlled amount of particles at the
fluid interface from particles dispersions in a volatile organic
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solvent to form spread monolayers [18, 19]. It is worth
mentioning that in the former case the density of particles
at the interface is governed by the tendency to segregate of
the particles to the interface, which depends on their bulk
concentration, whereas in the latter case the density can be
easily controlled from the initial spread amount. On the
other side, in order to address fundamental physicochemical
aspects of particle-laden interfaces (strongly dependent on
the interfacial morphology), spreadmonolayers are preferred
because spreading is always faster and allows a fine control of
the surface [18, 19].

Independently of the type of monolayers considered,
the attachment of particles to fluid interfaces depends on
physicochemical parameters such as size, chemical nature,
particle surface roughness, and wettability. The latter is
probably the most important one, being evaluated by the
contact angle 𝜃. 𝜃 is associated with the balance of energies
involved on the particles attachment to the fluid interface
according to the scheme shown in Figure 1(a).

A qualitative description of 𝜃 can be obtained by defining
the partition of the particles between the different fluid phases
(Figure 1(a)); thus it can be considered that 𝜃 plays a role
similar to the hydrophilic-lipophilic balance (HLB) of surfac-
tants [6, 54]. An arbitrary description of the hydrophilicity-
hydrophobicity of the particles defines 𝜃 = 90∘ as the
threshold value of the contact that separates their hydrophilic
(𝜃 < 90∘) and their hydrophobic (𝜃 > 90∘) characteristics.
There are two limits, 𝜃 = 0–10∘ and 𝜃 = 170–180∘, for which
the particles are preferentially distributed in one of the two
fluid phases. Figure 1(b) shows schematically the effect of
𝜃 on the relative position of the particles at the interfacial
plane.This relative position of particles at the interfacial plane
affects the interactions along the interface that canmodify the
particle functionality as stabilizing agent of the interfaces.The
above discussion leads to considering that the attachment of
particles at fluid interfaces can be easily described by 𝜃 (and
the particle radius) or, eventually, by the particle flotation
height ℎ that defines the perimeter of the contact line (see
Figure 1(a)). In view of the relation between 𝜃 and ℎ, the
former is known to be strongly dependent on the line tension
𝜏 [47]. 𝜏 is defined as the excess free energy associated with
the line where the particle and the two fluids meet, according
to Gibbs [47]. It is negligible for colloidal microparticles,
whilst it has a nonnegligible role in controlling the attachment
energies of nanoparticles to the fluid interfaces. Thus, the
contributions of the line tension to the particle attachment
at fluid interface become important in the nanoscale due
to the role of several aspects such as the heterogeneity in
surface roughness and chemical nature of the particles in the
modification of the wettability of the particles in relation to
that of macroscopic surfaces [55, 56]. The role of the line
tension decreases rapidly with the increase of the particle size
as was pointed out by Isa et al. [55].

The definition of 𝜃 for particles at fluid interfaces, includ-
ing the effect of the line tension, can be easily obtained by the
modified Young equation [57–59]:
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interfacial tension between the fluid phases, 𝑅 is the radius
of the particle, and 𝜏 is the line tension. The line tension
decreases the contact angle in relation to that expected
for a macroscopic wetted surface [60]. Furthermore, it is
important to consider the important role played for the line
tension in the energetic landscape of particle-laden interface,
controlling the transition wetting-drying of the particles for
the fluid interface [60], which was also evidenced indepen-
dently by Bresme and Quirke using molecular simulation
[61]. However, they found values for the line tension that were
at least one order of magnitude higher than those obtained
previously from experimental data [60]. This discrepancy
might be associated with the different line tension depen-
dence on the surface tension between the fluid phases and
the solid, obtained via simulations and experiments.

Despite the important role of the line tension on the
particles attachment, for the sake of simplicity no further
discussion on the role of the line tensionwill be included [62].
Thus, the contact angle of particles attached to fluid interfaces
can be simply expressed by neglecting 𝜏 in (1) yielding
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It is obvious at this point that the principal handicap to get
reliable values of 𝜃 comes from the measurement of the fluid-
solid interfacial tensions.

The complete understanding of the attachment of parti-
cles to fluid interfaces requires the evaluation of the energies
involved in the process. Thus, the total energy associated
with the attachment of particles to the fluid interface can
be obtained by the difference between the energies of the
particle at the interface and in the bulk suspension. For the
simplest case that considers small particles attached to an
arbitrary interface and small enough for the gravity effects
being negligible, the attachment energy, Δ𝐸

𝑝
, is given by

Δ𝐸
𝑝
= −𝜋𝑅

2
𝛾
𝑓
1
𝑓
2
(1 ± cos 𝜃)2 . (3)

The ± sign allows identifying the relative position of the
centre of the particle in relation to the interfacial plane.
Indeed, (+) represents the situation of those particles with
their centre above the interfacial plane, whereas (−) rep-
resents the situation of particles with the centre below the
interfacial plane. The formation of interfacial layers of con-
ventional surfactants, the adsorption-desorption equilibrium
takes place in time scales ranging between milliseconds and
several seconds. However, it is known that the attachment
of particles to fluid interfaces can be considered in most
cases an irreversible process, being the energies involved
in the attachment many times the thermal energy (𝑘

𝐵
𝑇,

being 𝑘
𝐵
the Boltzmann constant and 𝑇 the temperature).

As a consequence, once the particles arrive to the interface
they remain trapped in a quasi-2D layer, and only small
fluctuations from the equilibrium positions in the direction
perpendicular to the interfacial plane are expected due to
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thermal or capillary deformations of the interface. This does
not mean that once the particles arrive to the interface they
remain attached at fixed positions; the real scenario implies
the continuous diffusion of the particles along the 2D plane
in addition to the small fluctuations above and below the
interfacial plane. Equation (3) points out that the reversibility
of the particles’ attachment to the fluid interfaces is mainly
governed by 𝑅 and 𝜃. For instance, for spherical particles
with a fixed contact angle around 60 degrees adsorbed at an
arbitrary interface with a interfacial tension of 50mN/m, the
attachment energy is around 107𝑘

𝐵
𝑇 for the case of particles

with a radius around 1𝜇m.This energy decreases to values in
the order of 104𝑘

𝐵
𝑇when the size is reduced till 10 nm. In this

context, it is possible to assume that the microparticles are
usually irreversibly attached to the fluid interfaces whereas
for nanoparticles the reversibility of the adsorption can be
tuned by the modification of the contact angle 𝜃 [2]. The
reversibility-irreversibility of particles attachment at fluid
interfaces was addressed both theoretically and experimen-
tally byWi et al. [63], who pointed out that the attachment to
the interface of particles larger than 10 nm can be considered
completely irreversible. However, for smaller particles, a true
thermodynamic equilibrium between the bulk phases and
the interface is established, with the line tension playing a
central role in the energetic landscape. It is worthmentioning
that the role of the reversibility or irreversibility of particles
attachment to fluid interfaces is essential for controlling
the structure of interfacial assemblies of particles because
they have a central role in the particle interactions at the
interface and in the layer response to external mechanical
perturbations, for example, collision between droplets in an
emulsion [64].

In the last twenty years, several experimental techniques
have been developed for the determination of the contact
angle of particles at fluid interfaces: drop shape techniques
[56, 65, 66], surface pressure-area isotherms [52, 67–70],
Washburn capillary rise method [71–73], Atomic Force
Microscopy (AFM) coupled to colloidal probe [74, 75], Gel
Trapping Technique (GTT) [56, 67, 76, 77], Freeze Fracture
Shadow Casting (FreSCa) [55, 78–80], excluded area method
[81, 82], Film-Calliper Method (FCM) [83], ellipsometry [53,
84–88], or neutron reflectivity [89]. It has been found that
different methods to evaluate the contact angle of particles
provide different values of 𝜃 for similar particles [2]. This
is due to the different assumptions used to calculate the
contact angle from the raw data. A detailed discussion of
the different methods for the determination of the contact
angle of particles attached to fluid interfaces was presented
by Maestro et al. [2] in a recent review. One of the most
important problems related to the determination of the
contact angle of particles at fluid interfaces comes from the
type of contact angle evaluated (advancing or receding). This
aspect is not clear for most of the methods used for the
determination of 𝜃.

Many variables can modify the wettability and conse-
quently the attachment energy of particles at fluid interfaces.
The most important of them is probably the HLB of the
particles, which is affected by the chemical nature of both

particles and of the two phases adjacent to the interface. This
balance can be easily tuned either by physical or chemical
medications of the particles surfaces. In the former case,
species able tomodify the surface activity of the particles (e.g.,
common surfactant or short-chain alcohols) are attached to
the surface of the particle by electrostatic, hydrogen bond,
or van der Waals interactions, whereas in the latter case
the modification of the nature of the particle’s surface is
performed by a chemical functionalization (e.g., thiolization
of gold particles or silanization of silica surfaces) [86]. An
alternative method, with increasing interest nowadays, is the
fabrication of particles with asymmetrical wettability, the so-
called Janus particles [4, 90, 91].

The effect of the particles size on the contact angle of
particles is accounted for among the most studied effects.
In most of the cases, 𝜃 increases with the particle sizes till
a constant value. This is generally explained considering a
change in the chemical nature of the particle’s surface as
the size increases that confers a different hydrophobicity
degree to the particles of different sizes [83]. Finally, 𝜃
reaches a plateau at a certain size due to a transition between
nanoscopic wetting tomacroscopic one, which is determined
by the contribution of 𝜏 to the attachment of the particles
to the interface [55, 56]. McBride and Law pointed out that,
for silica particles larger than 60 nm, their contact angle at a
liquid polystyrene/vapour interface assumed values similar to
those found for the contact angle of a liquid polystyrene drop
onto a macroscopic surface with the same chemical nature
than the particles [56]. This can be interpreted in terms of
a constant contribution of the line tension to the particle
wetting once a threshold value for the particle size is reached
in agreement with the results by Isa et al. [55].

The surface charge density of the particles is also a critical
parameter to control 𝜃 because it affects the complex balance
of interactions occurring at the interface and governs the
stabilization of particles in their position at the interface [92,
93]. Several authors have pointed out that a decrease of the
effective charge density of the particles leads to the increase
of the contact angle of the particles [77, 93]. The reason is the
partial hindering of the electrostatic barrier associated with
the repulsion of the particles, which plays a central role in the
control of the particle adsorption. Additionally, it is worth
mentioning that 𝜃 is mainly governed by the interactions
occurring along the nonpolar phase, as evidenced by the
negligible effect on the contact angle motivated by the
increase of the ionic strength. In this context, the differences
of dielectric constant between the two fluid phases, and
consequently the chemical nature of the fluid interface,
determine the attachment of particles at the interface due to
the existence of image-particle interactions associated with
the presence of particles close to the two-phase boundaries.
Thus, electrodipping forces drive the particles towards the
phase with higher dielectric constant. This fact provides the
bases for explaining the higher contact angle found for the
same particles at the water/oil than at the water/air [53, 77].

The chemical nature of the particles surface plays also
a central role in the wettability control. The chemical mod-
ification of silica particles by silanization was found to
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increase the value of 𝜃 by a factor close to 2 when the
number of percentages of free silanol groups was reduced
from 34% to 20% [86]. Similar effects were found by chem-
ical grafting of poly(glycerol-monomethacrylate) chains to
polystyrene latex particles. The increase of the length of
the grafted chains leads to the decrease of the contact
angle of particles at both air/water and n-dodecane/water
interfaces due to the enhanced hydrophilicity of the particles
[94]. The wettability of the particles can be also modified
by the physical adsorption of surfactant to the surface of
the particles as was evidenced by Maestro et al. [53], who
studied the effect of two alkyltrimethylammonium bro-
mides (hexadecyl-trimethylammonium bromide, CTAB and
dodecyl-trimethylammonium bromide, DTAB) on the con-
tact angle at the air/water interface of completely hydrophilic
silica nanoparticles.They pointed out that a complex balance
between the hydrophobic and the electrostatic interactions
established in the mixed particle-surfactant system governs
the contact angle. Thus, the concentration of surfactant in
the solution plays a key role in the control of the particle
wettability. The results also evidenced that the maximum
value for the contact angle of the particles is associated
with the neutralization of the particle surface charge by the
adsorption of surfactant molecules. Further increases of the
surfactant concentration lead to the rehydrophilization of
the particles and consequently to the contact angle decrease.
A similar behavior was found by Binks et al. [78] for the
adsorption of mixtures of silica particles and a surfactant
with two tails (didecyldimethylammonium bromide). Also,
the wettability can be modified by small molecules such
as alcohols [67, 91]. This latter effect was attributed to the
formation of solvent layers onto the particle surface which
modify their surface nature and consequently the contact
angle at the fluid interfaces. Following with the role of the
particle surface nature on the contact angle of particles at fluid
interfaces, it is important to consider the role of roughness
and porosity; these two features play a more important role
as the particle size decrease [21, 67]. The increase of the
roughness and porosity of the particles leads to the increase
of the contact angle in such a way that can be qualitatively
explained assuming a classical Cassie-Baxter model [95].
This is related to the existence of asymmetric wetting along
the contact line, thus defining different pinning-depinning
phenomena of the particles at the interface. Furthermore,
the roughness and porosity of the particles can influence
the adsorption of surface active modifiers onto the particles.
Theoretical calculations by Nonomura and Komura [95]
showed that thewetting of particles depends on the interfacial
tensions between the particles and the liquid phases, the
particle sizes, and the fraction of the surface area of the
particle that is in contact with the external liquid phase. This
later leads to the asymmetric wetting of the particles due to
their roughness, which can be well described on the bases of
the Cassie-Baxter model, especially for those particles with
a high roughness. Despite the potential importance of these
aspects in the contact angle of particles at fluid interface, no
systemic studies on their role have been addressed.

Additionally, the effect of the methodology use for
the preparation of the particle-laden interface cannot be
neglected in the understanding of the contact angle of
particles at fluid interfaces [39]. For those particle layers
obtained from the adsorption of the particles from bulk
dispersions to the interface, a subtle balance of energies is
expected (interactions fluid-fluid and fluid-particles), which
determines the most probable contact angle of the particles
at the interface. On the contrary, for spread monolayers, the
particles are directly deposited at the interface independently
of their contact angle.

3. Surface Tension and Structure of
Particle-Laden Interfaces

TheHLB is one of the most important parameters governing
the position of particles at the interface. However, in contrast
to that occurring for surfactant in which the HLB determines
the portioning of the molecules between the interface and
the two adjacent fluids phase, in most cases for particle-
laden interfaces once the particles arrives to the interface
they remain trapped irreversibly and no partitioning of the
particles between the fluid phases can be expected due to the
high attachment energies involved, which overcome many
times the thermal energy as was discussed above [96]. Thus,
the classical equations of state (Langmuir, Frumkin, etc.) that
described the thermodynamic behavior of interfacial layers
formed by surfactants do not provide an accurate description
of the relationship existing between the interfacial tension,
the bulk concentration, and the surface coverage of particle
layers [97]. In order to overcome these problems for the
thermodynamic description of the particle-laden interface,
new models considering their specific features have been
developed in recent years [48, 98].

The first attempt to provide a thermodynamic description
of particle-laden interface was performed by Binks [6] on
the bases of the Volmer and van der Waals equations. The
model considered that each particle behaves as common
surfactant molecule. However, the model fails and provides
unrealistic dependences of the surface tension on the inter-
facial coverage. This is explained taking into account the
big difference that exists between the behavior of particles
and common surfactant at the interfaces, and the different
interactions at the interface. Additionally, the different length
scales for particles and common surfactants are expected to
play a key role in the thermodynamic behavior of particle-
laden interface, and a correct thermodynamic model must
consider this fact. Miller et al. [98] developed a model for the
description of particle-laden interfaces following theoretical
approaches similar to the ones previously used for protein
layers [99]. Using several assumptions the model provides
an expression for the surface pressure (Π = 𝛾

0
− 𝛾, with 𝛾

being the surface tension of the particle-laden interface and 𝛾
0

the surface tension of the pure fluid interface)-area isotherm
[48, 98] that reads as follows:

Π = −
𝑘
𝐵
𝑇

𝜔
0

[ln(1 − 𝜔
𝐴
) + (
𝜔

𝐴
)] − Πcoh, (4)
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Figure 2: Comparison of experimental and theoretical isotherms
for bare polymethylmethacrylate (PMMA) particles and PMMA
particles with the surface modified with a copolymer. See the
qualitative agreement between the experimental results and the
theoretical model described by (4). The size of the particles was
113 nm. Reprinted with permission from [48]. Copyright 2006,
American Chemical Society.
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is the so-called cohesion pressure that is related to the balance
of energies existing at the interface, depending strongly on
the contact angle of the particles at the fluid interface, and
accounts for the organization and degree of packing of the
particles at the interface. This model predicts a thermody-
namic behavior rather independent of the particle size and
the nature, providing a good description for the behavior of
both soft and hard particles. Figure 2 shows some examples of
the application of the aforementioned thermodynamicmodel
to experimental isotherms.These results pointed out a rather
good agreement between the experimental results and the
theoretical model before the collapse of the monolayer at
lower areas. However, the validity of this model has been
tested with a small number of systems so far.

Basically, most of the research focused on the steady
state behavior of particle-laden interface is based on surface
tension-surface concentration isotherms.However, this is not
easily evaluable for particle-laden interfaces, and only when
the particles are directly spread at the interface it is possible
to obtain this type of relations. Several authors have given
results of the steady state of particle-laden interfaces [33, 43,
53, 100, 101]; however a description of the experimental results
in terms of theoretical models, such as Frumkin or Langmuir,
is difficult and no systematic studies are available. Figure 3
shows the experimental surface tension isotherms obtained
for palmitic acid (PA) at the water/hexane interface and the
mixture of PA and silica nanoparticles at the same interface
[49, 50].The results pointed out that for the pure palmitic acid
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Figure 3: Dependences of the surface tension of the water/hexane
interface on the PA concentration: PA (I, the solid lines represent
the fitting of the experimental data to the Frumkin adsorption
isotherm) and silica nanoparticles-PA mixtures (e). The particle
concentration in the bulk was 1 wt%. Reproduced from [49], Cop-
yright 2014, with permission from Elsevier.

Frumkin’s model describes well the experimental isotherm.
On the contrary, a theoretical description of the isotherm of
the system containing particles is rather difficult. Further-
more, the results for the PA-silica system at the water/hexane
interface showed a strong synergetic effect on the reduction
of the surface tension in relation to that observed for the
pure PA solutions. Similar synergetic effect has been observed
for other types of mixtures such as protein-surfactant and
polyelectrolyte-surfactant systems [22, 102, 103]. It is worth
mentioning that the bare silica particles do not present any
surface activity and a surface tension value close to that of
pure water was found for them independent of their bulk
concentration as was discussed previously by Ravera et al.
[33].

The comparison of mixed dispersion of PA and silica
nanoparticles with this dispersion in which silica nanopar-
ticles are combined with conventional surfactant such as
CTAB and DTAB showed strong differences in the ability to
produce surfactant decorated nanoparticles depending on the
surfactant nature, whereas for CTAB or DTAB decorated sil-
ica nanoparticles an almost negligible change on the surface
tension for the lowest surfactant concentrationswas observed
due to the low interfacial coverage; a higher efficiency of
PA was found for the preparation of surfactant decorated
nanoparticles with interfacial activity [33, 34, 37]. Thus, it
is possible to assume that ionic surfactants are less efficient
for modifying the hydrophobicity of particles than fatty acids
(such as PA). Increasing the surfactant concentration, the
effectiveness of the ionic surfactant to increase the hydropho-
bic character of the complexes is enhanced, favoring their
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attachment at the interface. An additional contribution to
the incorporation of the particles to the interface can be
associated with the interaction of the hydrophobic tails of the
surfactant decorated particles at the interface [53, 100, 104].
Maestro et al. [53] pointed out that the length of the surfactant
chains does not play an important role in the control of the
wettability properties of the particles.

The study of the interaction of carbon soot particles
with anionic surfactant has pointed out the absence of
appreciable modifications of the pure surfactant layer due to
the presence of carbon particulates. This is ascribed to the
fact that carbon is strongly hydrophobic and the surfactant
interaction occurs by hydrophobic interactions, thus leading
to the hydrophilization of the particles. The consequence is a
depletion of surfactant that is expected from the interface due
to its interaction with the particles, but no particle incorpora-
tion to the interface occurs [100].The results found for carbon
soot-anionic surfactant mixtures contrast with those found
for silica nanoparticles—trimethylalkylammoniumbromides
ones. In this latter case, there is a depletion of surfactant
molecules from the bulk dispersion due to their interaction
with the particles and the subsequent adsorption onto their
surface. Therefore it is expected that only a residual amount
of surfactant remains free in the solution [33, 34], explaining
the decrease of the interfacial tension due to the attachment
of particle-surfactant complexes at the fluid interface rather
than the adsorption of free surfactant molecules, as it is
expected for the aforementioned systems containing carbon
soot [100]. The complex scenario found for the formation of
particle-laden layers obtained by mixtures of particles and
surfactant contrasts with that found for the formation of
layers with polymer grafted particles, where the chemical
nature of the polymer chains controls the particle adsorption
[105].

The situation for the oil/water interface is different. In this
case, the typical phenomena found for the air/water interfaces
are enriched because of the appearance of additional process
such as the transference of bare particles and surfactant
molecules and/or particles-surfactant complexes between the
two fluid phases [38, 50]. This can affect the synergetic effect
of the particle-surfactant interaction as was shown by Santini
et al. [49].

In order to obtain a complete description of particle-laden
interfaces it is necessary to characterize the morphological
and structural features of the interfacial films. Information on
these aspects can be obtained by two different approaches: the
first one is based on the analysis of distribution of particles
along the quasi-2D layer, that is, the determination of the
interfacial morphology of the particle-laden interface. The
second one is based on the analysis of the position of the
particles with respect to the adjacent phases, which is related
to the contact angle of the particles.

Several authors have shown that the organization of com-
plexes at the interfacial layers depends on the packing density
[50, 52] and therefore on the coverage of the interfacial layer.
For silica nanoparticles-CTAB layers Santini et al. found by
using Brewster Angle Microscopy (BAM) that, depending
on the hydrophobicity of the complexes, the interfacial
coverage is modified and this affects the interfacial textures of

the layers [52].This can be rationalized considering the effect
of the surfactant concentration on the incorporation of the
particles to the interface [53], so that the number and size
of the interfacial aggregates increase till the formation of a
close packed film. Similar behavior was found for PA-silica
nanoparticles systems adsorbed at the air/water interface
[50]. This system showed the formation of isolated particle
islands, at the lowest surfactant concentration, that coalesce
with the increase of the PA concentration to form a close-
packed particle monolayer (see Figure 4).

Additional information on the organization of particles at
the interface can be obtained from ellipsometry experiments.
Maestro et al. [53] pointed out that the relative position in
relation to the interfacial plane of silica nanoparticles can
be easily tuned by the addition of alkyltrimethylammonium
bromide in different concentrations. Similar results were
found for the effect of the degree of silanization on silica
particles by Zang et al. [86]. Thus, it is possible to assume
that the wettability of the particles determines their position
in relation to the interfacial plane. Santini et al. [50] studied
by ellipsometry the thickness of PA-silica nanoparticles layers
as function of the PA concentration. Their results pointed
out clearly that the increase of the surfactant concentration
leads to a transition from a low packed film (thickness
several times smaller than the particle diameter) to a closed
packedmonolayerwith a thickness comparable to the particle
diameter.This shows a good agreementwith theBAM images.

4. Dynamics of the Particle Incorporation to
Fluid Interfaces

The adsorption of particles to fluid interfaces is a dynamic
process governed by an intricate balance of interactions that
determines the final position of the particles at the interface.
The transference of the particles from the bulk dispersion to
the interface can be governed by simple diffusion, but in some
cases additional contributions due to the presence of inter-
facial energy barriers to the adsorption must be considered
for the comprehensive description of the adsorption process
[106]. When the adsorption of particles to fluid interfaces is
investigated by the changes of the interfacial tension, the time
scales involved in the adsorption process can be up to 3 orders
of magnitude higher than for surfactant adsorption [33, 38].

The transference from bulk dispersion to the interface
is generally a bimodal process [33, 37, 53] with a fast step
governed by the diffusion of the particles to the interface,
being the characteristic time of this process comparable to
that for the diffusion in bulk for particles of the same size.
This time is not significantly affected by the hydrophobicity
of the particles [33]. The second step is associated with the
rearrangement of the particles at the interface. This two-step
scenario is in agreement with the numerical calculations by
Colosqui et al. [107], who showed that the incorporation of
particles to the fluid interface and the reorganization process
occurring after their attachment are governed by an energy
minimization principle. When surfactant decorated particles
are considered, it is possible to attribute this process to
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Figure 4: BAM images for PA-silica nanoparticles interfacial layers with different PA concentrations, namely, (a) 2 × 10−5M, (b) 5 × 10−5M,
(c) 8 × 10−5M, and (d) 1 × 10−4M. Reprinted from [50]. Reproduced by permission of the PCCP Owner Societies.

the reorganization of surfactant molecules between the sur-
face of the particles and the fluid interface, and it depends
on the surfactant concentration. Indeed, the dynamic of the
surfactants reorganization must be affected by the amount
of surfactant transferred to the surface—carried by the
particles—and by the area fraction occupied by the nanopar-
ticles after their adsorption.

Two-step adsorption processes have been observed in the
formation of interfacial layer by mixtures of silica nanopar-
ticles and octadecylamine (ODA) at the water/hexane inter-
face. The particularity of this systems is that the surfactant
and the nanoparticles are dissolved/dispersed in a different
phase and their interaction occurs only at the interface [38].
In this case, the first step with a characteristic time, around
102 s, is associated with the adsorption of the oil soluble
surfactant, whereas the second step with a time span up
104 s can be explained considering the interfacial interaction
of silica nanoparticles and ODA. Thus, the second step can
be assigned to the adsorption of particles to the preformed
surfactant layer and the subsequent reorganization of the
particle-laden interface. It is worth mentioning that the
interfacial interaction between silica nanoparticles and ODA
provoked a strong synergistic effect on the surface tension
reduction, in a similar way to that found for PA-silica
nanoparticles at the water/hexane interface [49].

The main parameter that governs the dynamics of par-
ticle incorporation into the interface is their hydrophilic/
hydrophobic character, so it is possible to analyze the

dynamic of particle adsorption to the fluid interfaces in terms
of the contact angle equilibration [2, 64]. The formation of a
three-phase contact line is expected to play a central role in
the formation of particle-laden interface. This process is not
continuous due to the rupture of the interface occurring by
the particle contact.This process is characterized by different
relaxation mechanisms till the particles reach their final
position associated with a certain value of 𝜃. The dynamics
of the wetting of particles has been recently evaluated by the
using digital holographic microscopy [64, 107]. For condi-
tions in which the formation of the particle-laden interface is
affected by strong electrostatic interaction, the formation of
the contact line is not affected by any relaxation process and
once the particles arrive to the interface they remain trapped
at a fixed position. However, when the relaxation takes place,
this is slower than expected considering only hydrodynamics
interactions. The adsorption/spreading of the particles at the
interface is a nonequilibrium process mediated by thermal
fluctuations of the three-phase contact line around different
positions separated by different activation energy barriers
[108]. It is expected that the surface interactions occurring
between the particles and the interface can affect the wetting
dynamics [70]. It was found that the surface nature plays a key
role in the wetting dynamic. Thus, it is possible to consider
that the nanoscale surface features of the particles modify
strongly the attachment of soft colloids to fluid interfaces.
The relaxation processes are mainly controlled by molecular
dissipation mechanism, being the role of the hydrodynamic
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interactions almost negligible. This allows considering the
wetting dynamics of particles by fluid interfaces similar to
that observed for physical aging processes of glassy materials
[107].

It is worth mentioning that the dynamics of wetting is
expected to change strongly from those particle-laden inter-
faces formed by direct assembly from the bulk dispersions
and those formed by the spreading of the particles at the
interface [39]. This is explained considering that, in the
former case, the adsorption of the particles from fluid 1 to the
interface implies the partial dewetting process of the particle
from fluid 1 and the creation of the contact line. This process
present a longer temporal scale than that expected for the
thermal induced depinning of the formation of the contact
line from the particle surface. On the other side, there are
not effects of the temporal scale on the formation of particle-
laden interfaces by the direct spreading of the particles at
the interface. In these cases, the deposition of the particles at
the interface is a fast process in which turbulent flows of the
solvent can occur at the interface. This phenomenon is also
applied to the stabilization of emulsion where themechanical
energy is enough to overcome the depinning energy [71]. In
this context, it is expected that the depinning energy can play
a key role in the formation of particle-laden interfaces.

5. Rheological Behavior of
Particle-Laden Interfaces

The understanding of the response of the particle-laden
interfaces against mechanical deformation allows one to
know the dynamics exchange and relaxation that leads to
the particle to their steady state [3, 109, 110]. Additionally,
the knowledge of the mechanical properties of particle-laden
interfaces provides important insights for the development
of technological applications in which the interaction of
particles and interfaces is involved [3, 32] such as emulsifi-
cation and foaming, phase transfer catalysis, encapsulation,
or enhanced oil recovery [111]. It is worth mentioning that
the interest of the mechanical response of particle-laden
interface is related to its importance inmany processes with a
practical interest. The structural and morphological richness
that presents particle-laden interfaces leads to an important
variability of the rheological behaviour of these systems.This
sectionwill summarize themost important features related to
the rheological behaviour of particle-laden interface against
shear and dilational deformations.

5.1. Dilational Rheology. The dilational rheology provides
information related to the changes of surface tension after
the change of the area of the film; thus it can be expected
that this type of changes affects the adsorption state of the
particles and their structure due to the stress induced by the
external deformation. The relaxation mechanisms observed
under dilational deformation are strongly dependent on the
time-scale studied [53, 112]. The first studies were carried out
byMiller et al. [98], who developed a theoretical model based
on thermodynamic aspects associated with the adsorption
isotherm developed of these systems [48]. This model was

analogous to that previously developed for proteins and
protein-surfactant layers [113].Themain novelty of themodel
was the introduction of a new parameter, the so-called
cohesion pressure, that accounts for the cohesive interactions
occurring between particles at the interfaces and that is
strongly dependent on the wettability of the particles for the
interface. Nevertheless the model has only tested data of a
reduced number of systems.

It seems reasonable that the contact angle plays an impor-
tant role in controlling the mechanical properties of particle-
laden interfaces because it controls its structure. Safouane
et al. [114] analyzed the effect of the hydrophobicity of
fumed silica nanoparticles on the rheological response of the
particle-laden interface using capillary wave technique in the
frequency range of 200–990Hz.Their results showed a strong
dependence of the dilational response on the hydrophobicity
of the particles, which was associated with differences on the
morphology of the particle-laden interfaces. In this case the
elasticity,𝐸󸀠, is around one order ofmagnitude larger than the
viscous component,𝐸󸀠󸀠, independently of the hydrophobicity
degree of the particles. However, the higher the hydropho-
bicity the higher the interfacial density and, consequently,
the more rigid the interface. The increase in the particle
hydrophobicity from total hydrophilic to total hydrophobic
particles leads to the increase of the value of 𝐸󸀠 for a factor
two, whereas 𝐸󸀠󸀠 remains close to zero independently of
the hydrophobicity degree of the particles. Zahn et al. [115]
pointed out that using paramagnetic particles adsorbed at
the air/water interface. The dilational response of layers
formed by silica particles at the air/water interface presents
a long linear regime [116, 117]. Zang et al. [51] studied the
frequency dependence of silica particles layers at the air/water
interface and did not find any relaxation process in the lowest
frequency range studied (0.016–0.1Hz). However, expanding
the frequency range, they found a dynamic relaxation with
a characteristic time close to 103 s. This process can be
attributed to the internal reorganization of the layer, being
faster as the particle hydrophobicity is reduced [118]. Zang
et al. [119] extended the work of Safoune et al. [114] and found
that𝐸󸀠 increases with the hydrophobicity of the particles till a
maximum value, which appears at intermediate values of the
hydrophobicity.

The behavior of spread latex particles at the air/water
interface is slightly different than the above discussed. In this
case, the rheological response is strongly dependent on the
region of the 2D phase diagram analyzed [18, 120]. 𝐸󸀠 was
found to be larger than 𝐸󸀠󸀠 along the entire phase diagram
of the system, and the behavior was independent of the
strain rate for experiments performed at fixed frequencies
[121]. A small hysteresis, associated with the loss connection
between the particles, was found for these systems. The
frequency dependence of 𝐸󸀠 and 𝐸󸀠󸀠 pointed out a crossover
between a fluid-like to a solid-like behavior. For low surface
pressures, 𝐸󸀠 increases with the surface pressure due to repul-
sive electrostatic interaction between the particles. When
the electrostatic repulsion is reduced by charge screening
phenomena, both 𝐸󸀠 and 𝐸󸀠󸀠 increase with the compression,
till a threshold value of the surface pressure associated with
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the formation of a close packed monolayer, as was shown by
using BAM images [120], with 𝐸󸀠 values in the range of 350–
600mN/m. Once the surface pressure threshold is overcome,
both𝐸󸀠 and𝐸󸀠󸀠 decrease with compression due to the collapse
of the particle-laden layer and the appearance of buckling in
the layer. It is worthmentioning that the particlesmonolayers
can form dense monolayers even if the surface coverage
remains relatively low [18], which frequently leads to small
linear viscoelastic regime under dilational deformations [117].

All the above refer to interfaces filled exclusively by
particles; however more attention has been paid to the dila-
tional response of systems formed by particles and surfactant
mixtures [1]. In the following we will discuss the rheology of
this type of interfaces.

Ravera et al. [33] pointed out that the bulk interaction
of hydrophilic silica nanoparticles and CTAB increased their
hydrophobicity, thus leading to their adsorption at the inter-
face.The rheological behavior of these monolayers in the low
frequency range (0.005–0.2Hz)was quite different than those
of the pure surfactant. The effects of the particles were evi-
denced in both air/water and water/hexane interfaces. They
explained these results in terms of the adsorption of particles-
CTAB complexes with different degree of hydrophobicity,
which lead to higher elasticity than for surfactant layers with
similar surfactant concentration. Further studies showed that
the [34] dilational rheology is strongly frequency dependent,
with two relaxations at well-separated time scales. The low
frequency process was associated with the diffusive transport
of the particle to the interface, whereas the high frequency
one was explained in terms of the exchange of surfactant
molecules between the interface and the bulk since once the
particles arrive to the interface it expected that they remain
irreversibly attached. The analysis of the results in terms of
a theoretical model accounting for the physical origin of the
two processes evidenced a transition from a pure diffusive
dynamics to a behavior mixing diffusion and reorganization
of the layers as the hydrophobicity of the particles increased.
A more detailed study of this type of systems with a larger
frequency range (from 10−3 to 102Hz) provided the bases
for a more quantitative and qualitative analysis [37] of the
kinetic aspects of particle-laden interfaces. Figure 5 shows
the frequency dependence of 𝐸󸀠 and 𝐸󸀠󸀠 for a broad range of
frequencies of silica nanoparticles-CTABmonolayers and the
corresponding fits using the theoretical model proposed by
Ravera et al. [34]. Similar results were found by Wang et al.
[122].

The study of the system formed by mixtures of silica
nanoparticles and CTAB has pointed out the complex bal-
ance of interactions governing the rheological response of
particle-laden interfaces [52, 53]. Among these interactions
the transitions occurring in the hydrophobicity degree of
the particles by the attachment of surfactant molecules, the
CTAB depletion from the bulk solution and the interactions
between the particles in the bulk and at the interface are the
most important.

Additional aspects to consider are the aging phenomenon
of the interfacial layer [34, 39] that increases the rigid-
ity at both air/water and water/hexane interface, although
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Figure 5: For dispersion with 1 wt% of silica nanoparticles and
CTAB in concentration of 0.5mM: (a) Real part of the viscoelastic
modulus. (b) Imaginary part of the viscoelastic modulus. The solids
lines correspond to the best fitting to the model proposed by Ravera
et al. [34]. Reproduced from [37] with permission from The Royal
Society of Chemistry.

the surface tension of the particle-laden interface does not
evidence anymodification.This can be explained considering
the irreversible attachment of the particles at the interface
[39, 123] that forms a solid-like layers associated with a
densification phenomenon as was evidenced by BAM [39].

5.2. Shear Rheology. Shear deformation accounts for shape
deformations of the interface without modification of the
interfacial area [3, 4]. Intense theoretical and experimental
efforts have been done to establish correlations between the
shear responses and the morphology and potential applica-
tions of particle layers. It seems reasonable to expect that the
monolayer structure will play a very important role in the
control of the response of particle-laden interfaces against
shear deformations [124].The high interest of shear aspects in
technological applications of particle-laden interfaces, espe-
cially in the stabilization of dispersed systems, has produced
a higher development than in the case of the dilational
counterpart.
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Cicuta et al. [125] performed one of the first studies
dealing with the effect of the shear deformation of particle-
laden interfaces. They pointed out that, for polystyrene latex
particles (3 𝜇m of diameter) monolayers at the water/decane,
the viscousmodulus (𝐺󸀠󸀠) was larger than the elastic modulus
(𝐺󸀠). Furthermore, this behaviour was rather independent of
the deformation frequency. On the contrary, 𝛽-lactoglobulin
layers present a mainly elastic behaviour. Thus, it is expected
that the nondeformable characteristic of the particles can
induce specific features on the rheological response. Addi-
tionally, Cicuta et al. [125] found a sharp increase of the
viscoelastic modulus from values corresponding to the pure
interface and reached a plateau for surface coverage around
0.75–0.80. This was associated with a jamming phenomenon
occurring on the particle-laden interface. It is worth men-
tioning that the existence of both long-range and short-
range interactions in particle-laden interfaces introduces
important differences between the behaviour of interfacial
systems and their bulk counterparts [126]. The effect of the
surface coverage on the response against shear of particle-
laden interfaces was discussed by Imperiali et al. [127], who
showed that graphene oxide particles at fluid interfaces had
a plastic-like behaviour below the close-packing, whereas
for close-packed monolayers a perfect elastic behaviour was
found. Such a transition was justified in terms of change
of the free area available for the particles at the interface
and consequently their mobility. The dependence of the
shear response on the interfacial coverage has been also
studied by Barman and Christopher [128], who found that
shear thinning phenomena appeared at low surface coverage
values, whereas yielding was found as the interfacial density
increased. Thus, the differences found in the viscoelastic
behaviour associated with interfacial reorganization of the
particles can be rationalized considering different mecha-
nisms of viscous dissipation occurring in the particle-laden
interface. Furthermore, close-packed monolayers showed a
nonlinear response against shear deformation.

The results mentioned above pointed out that the reorga-
nization phenomena occurring in particle-laden interface are
strongly correlated to the structural features of themonolayer.
This was further studied by Reynaert et al. [129] who com-
pared the response of particle-laden interfaces with different
structures: 2D colloidal crystal and 2D aggregate suspensions.
They found that aggregate layers showed a behaviour rather
similar to that found for their bulk counterparts [126], being
in agreement with the simulations performed by Wijmans
and Dickinson [130]. 2D aggregate suspensions present a
small linear regime with a power law dependence of the
viscoelastic modulus on the surface coverage. Additionally,
Reynaert et al. [129] confirmed the importance of the inter-
particle interaction in the control of the rheological response.

Another factor that affects the interfacial organization is
the shape of the particles, and therefore it must also affect
the shear response of the monolayers [131]. This was demon-
strated by Madivala et al. [131] using ellipsoidal particles at
the water/decane and water/air interfaces. Additionally, they
found a low linearity range on the shear response, which
decreases with the surface coverage. In the case ofmonolayers
at the air/water interface, the shear elasticity is smaller than

at water/decane interface. Ellipsoidal particles showed very
high values of the elastic modulus even for low surface
coverage values, whereas for spherical particles it remained
close to that of the pure interface till reaching a threshold
value of the surface coverage [125]. Furthermore, the values
of the storage modulus found for ellipsoidal particles were
almost one order of magnitude higher than those found for
spherical particles at the same interface [129], which was
attributed to the differences on the interfacial organization of
the particles. Basavaraj et al. [132] pointed out that contrary
to spherical particles particle-laden layers of ellipsoidal par-
ticles undergone buckling transitions for high values of the
surface coverage, which can be understood when the higher
complexity of the phase behaviour of nonspherical particles is
considered. Brown et al. [133] studied analyzing four different
types of nonspherical particles with different aspect ratio.
They found that the coverage threshold for jamming was
lower for nonspherical particles than for spherical ones. The
value of this threshold decreases as the asymmetry of the
particles increased. Additionally, depending on the particle
symmetry, different shear flow patterns indicated arrested
dynamic at the interface [133–135]. It was also that the charge
density of the particles plays an important role [134]. Particle
size also influences the shear response of particle monolayers
[133] since it affects the phase diagram of the monolayer [18].

Particle roughness modifies the shear response of
particle-laden interfaces [136] in such way that the increase
of the particle roughness reduces the shear viscosity of
the particle-laden interface in the low coverage region, the
opposite being true for interfacial densities close to jamming
[137]. This behaviour is attributed to differences on the
interparticle friction occurring in the monolayer and is
on the basis of the explanation of the shear thickening of
particles monolayers [133].

Safouane et al. [114] using fumed silica particles at the air/
water interface found that particle wettability plays an impor-
tant role in the rheological response of particle monolayers.
Both 𝐺󸀠 and 𝐺󸀠󸀠 increase with the particle hydrophobicity,
reaching values around 10−1mN/m that are several orders of
magnitude larger than those found for pure surfactant lay-
ers (around 10−3mN/m). Particles with low hydrophobicity
showed a mainly elastic behavior with a transition to viscous
behaviour as the hydrophobicity of the particles increases,
the crossover point (gel point, 𝐺󸀠 = 𝐺󸀠󸀠) being found for
particles with the 36% of the silanol groups chemically
silanized which present a contact angle around 90∘. Zang
et al. [51, 119, 138] further studied the aforementioned layers,
exploring the dependence of the shear modulus on the strain
amplitude. They found that 𝐺󸀠 was rather independent of the
strain amplitude for low values of the strain amplitude and
found that 𝐺󸀠 > 𝐺󸀠󸀠 in the entire range of strain amplitude
considered (several orders of magnitude). The melting of
the monolayers was found above a threshold value of the
strain amplitude (yield strain amplitudes) which is related to
maximum value of𝐺󸀠󸀠. Once the yield amplitude is overcome
a sudden drop of𝐺󸀠 was found. For low deformation frequen-
cies and at fixed strain, values of 𝐺󸀠󸀠 larger than those of 𝐺󸀠
were found, whereas a crossover was found as the frequency
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increased that coincides with a maximum 𝐺󸀠󸀠. This is due
to a decrease of the structural relaxation time as the strain
rate amplitude increases, similarly to that found in 3D soft
solids [139]. The results pointed out that the relaxation shows
a quasilinear dependence on the shear rate. An additional
feature found for the particle-laden interfaces was the self-
healing character when the stress is released, which depends
on the coverage of the interface and the wettability of the
particles. This also affects the yield and melting stresses,
which reach their maximum values for particles with contact
angle around 90∘. Similar behavior was found by Vandebril
et al. [140].

Contrarily to what was found in dilational rheology
studies, the studies of the response against shear of particle-
surfactant systems are scarce. Maestro et al. [141] reported
the effect of surfactant concentration in the rheological prop-
erties of CTAB decorated silica nanoparticles by oscillatory
shear measurements. In all the samples studied, the interface
is highly packed, with a remarkable solid-response against
shear below a yield point. Maas et al. [142] studied the
interfacial interaction of lipid and silica nanoparticles at the
water/oil interface.They found a dynamic evolution of𝐺󸀠 and
𝐺
󸀠󸀠 with time and found two well-differentiated behaviors as

function of the time span consider. During the first stages
of the adsorption process (first hour), 𝐺󸀠 increases till the
formation of a rigid layerwith𝐺󸀠 > 𝐺󸀠󸀠, and at longer times𝐺󸀠
increases more slowly, which was related to the accumulation
of more particles at the interface. The increase of the moduli
progresses until a steady state situation is reached with the
shear response mainly governed by the dynamic exchange
of material, probably surfactant molecules, between the bulk
phases. Similar conclusions were obtained by Degen et al.
[143, 144] in their studies of the interaction of 𝛾-Fe

2
O
3
and

different surfactants.

6. Particle Stabilized Disperse Systems: Foams,
Emulsions, and Solid Foams

The interfacial and mechanical properties of single interfaces
are responsible for the formation and stabilization of the
disperse systems (foams and emulsions) obtained with the
same components. In fact, the properties of the liquid inter-
face can hinder the processes which lead to foam/emulsion
destabilization, such as creaming (or sedimentation), floc-
culation, coalescence, and Ostwald ripening [145, 146]. The
stabilization of the disperse systems is strictly related to the
stability of the liquid film formed between two drops/bubbles
approaching each other. This stabilization is related to the
rate of film drainage from a thick to a thin film and
from the other side to the stability of the final thin film
to mechanical or thermal disturbance: both processes may
strongly depend upon surfactant interfacial properties. One
important aspect of the film stability concerns the role of the
dilational rheological properties, which are strictly related to
the dilational viscoelasticity of the single interfaces forming
the film. These properties are in fact an expression of the
capability of the layers to dampen the external disturbances,
which could destabilize and eventually break the film.

The presence of nanoparticles at the fluid interfaces can
play an important role in preventing the coalescence of drops
and bubbles and, hence, in stabilising emulsions and foams.
In these cases the emulsion morphology or the droplet size
distribution is determined by the dimensions and the contact
angles of particles at the liquid-liquid interface and, conse-
quently, bubble or drop coalescence is prevented essentially
by steric effect. An important role in the stabilization of the
dispersed systems is played by the jamming of the particles
layer as was pointed out by Stratford et al. [147] by large-
scale simulations. They showed that jammed particle layers
can arrest the coalescence of two miscible fluid phases, thus
allowing for an extrapolation of the physic principles involved
in the stabilization of dispersed systems. The importance of
the jamming in the stabilization of foams has been recently
demonstrated by Maestro et al. [43].

Stancik et al. [135] and Horozov et al. [148] confirmed
the role of the interfacial coverage in the stabilization of
emulsions by nanoparticles. They pointed out that the role of
the particle-laden interface in the stabilization of dispersed
systems is not limited exclusively to the modification of the
mechanical properties, being important the steric hindrance
induced by the nanoparticles to prevent the coalescence. The
effectiveness of colloidal particles in stabilizing emulsions
depends in part on the formation of a sufficiently dense layer
of particles at the interface. The rheological properties of the
interfacial layers also change as the concentration of particles
at the interface increases and complete surface coverage
is achieved. For high particle concentration, the interfaces
exhibit viscoelastic behaviour, the viscous properties being
dominant at low concentrations, while the elastic properties
are dominant at high particle concentrations. The elastic
contribution to the viscoelastic behaviour is largely due to
the interparticle interaction. The viscoelastic nature of the
interfaces affects the emulsion stability by decreasing the rate
of film thinning between coalescing droplets/bubbles.

The high stability of disperse systems in the presence of
particles adsorbed at the fluid interface is a starting point
for the preparation of tailored materials, such as solid foams.
These porous materials can be obtained by drying and sinter-
ing the original wet foams/emulsions or by the solidification
of the bulk liquid phase [10]. Zabiegaj et al. [104, 149] have
investigated the relation between the interfacial properties
of particle-laden interfaces and the stability/structure of the
corresponding liquid and solid foams in the presence of
carbon soot and alumina nanoparticles. They found out an
enhanced stability of the wet foams when nanoparticles are
added, mainly due to a steric effect. In fact, the formation
of a second layer onto the drop surface acts as a steric
barrier against the droplet collapse although any effect on the
interfacial properties does occur.

7. Concluding Remarks

We consider that a key factor that is highlighted in this
review is the versatility of particulate systems to control
their morphology and strength when forming interfacial
layers at fluid interfaces. This is a remarkable feature in
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order to create complex and hierarchical structures—from
colloidosomes to foams and emulsions—that have many
important industrial applications. The majority of work to
date has reported the wettability of micro- and nanometer
particle systems adsorbed at or spread to fluid interfaces
through the measurement of their contact angle. Also, many
efforts have been done to show the adsorption isotherm, as
well as the equation of state for such particle-laden interfaces
that correlates the surface tensionwith the density of particles
at the interface. Looking forward, a major challenge is the
lack of theoretical works to show a close agreement with
the experimental studies and predict the behaviour of the
particles at the interface. Multidisciplinary efforts will be
required to fully understand the adsorption and final steady
state morphology of the particle-laden interfaces. Up to
date, interfacial rheological techniques provide a unique
source of information about the intrinsic relation of the
mechanical response and the interface morphology. We have
emphasized in this review the importance of rheological
techniques investigating both the dilatational and the shear
modes of deformation, in order to understand the interfa-
cial particle networks. The process of assembly that leads
from amorphous interfaces, with only short range order, to
crystalline structures, with a long range one, can be studied
by rheological measurements. Also, interfacial rheology can
help us to identify the instability mechanism that affects
bubbles and droplets.
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Cabrerizo-Vı́lchez, and R. Hidalgo-Alvarez, “Surface activity
and collective behaviour of colloidally stable Janus-like particles
at the air-water interface,” Soft Matter, vol. 10, no. 19, pp. 3471–
3476, 2014.

[92] M. P. Boneva, N. C. Christov, K. D. Danov, and P. A.
Kralchevsky, “Effect of electric-field-induced capillary attrac-
tion on themotion of particles at an oil-water interface,”Physical
Chemistry Chemical Physics, vol. 9, no. 48, pp. 6371–6384, 2007.

[93] B. J. Park, J. P. Pantina, E. M. Furst, M. Oettel, S. Reynaert,
and J. Vermant, “Direct measurements of the effects of salt and
surfactant on interaction forces between colloidal particles at
water-oil interfaces,” Langmuir, vol. 24, no. 5, pp. 1686–1694,
2008.

[94] K. M. Reed, J. Borovicka, T. S. Horozov et al., “Adsorption of
sterically stabilized latex particles at liquid surfaces: effects of
steric stabilizer surface coverage, particle size, and chain length
on particle wettability,” Langmuir, vol. 28, no. 18, pp. 7291–7298,
2012.

[95] Y. Nonomura and S. Komura, “Surface activity of solid particles
with extremely rough surfaces,” Journal of Colloid and Interface
Science, vol. 317, no. 2, pp. 501–506, 2008.

[96] S. Levine, B. D. Bowen, and S. J. Partridge, “Stabilization of
emulsions by fine particles I. Partitioning of particles between
continuous phase and oil/water interface,”Colloids and Surfaces,
vol. 38, no. 2, pp. 325–343, 1989.

[97] A. W. Adamson and A. P. Gast, Physical Chemistry of Surfaces,
John Wiley & Sons, Boston, Mass, USA, 1997.

[98] R. Miller, V. B. Fainerman, V. I. Kovalchuk, D. O. Grigoriev,
M. E. Leser, and M. Michel, “Composite interfacial layers
containing micro-size and nano-size particles,” Advances in
Colloid and Interface Science, vol. 128-130, pp. 17–26, 2006.

[99] V. B. Fainerman and R. Miller, “Equation of state for con-
centrated protein surface layers at the water/air interface,”
Langmuir, vol. 15, no. 5, pp. 1812–1816, 1999.

[100] D. Zabiegaj, E. Santini, E. Guzmán,M. Ferrari, L. Liggieri, and F.
Ravera, “Carbon soot-ionic surfactant mixed layers at water/air
interfaces,” Journal of Nanoscience and Nanotechnology, vol. 15,
no. 5, pp. 3618–3625, 2015.

[101] L. R. Arriaga, W. Drenckhan, A. Salonen et al., “On the long-
term stability of foams stabilised by mixtures of nano-particles
and oppositely charged short chain surfactants,” SoftMatter, vol.
8, no. 43, pp. 11085–11097, 2012.

[102] S. Llamas, E. Guzmán, F. Ortega et al., “Adsorption of polyelec-
trolytes and polyelectrolytes-surfactant mixtures at surfaces: a
physico-chemical approach to a cosmetic challenge,” Advances
in Colloid and Interface Science, vol. 222, pp. 461–487, 2015.

[103] V. B. Fainerman, E. H. Lucassen-Reynders, and R. Miller,
“Adsorption of surfactants and proteins at fluid interfaces,” Col-
loids and Surfaces A: Physicochemical and Engineering Aspects,
vol. 143, no. 2-3, pp. 141–165, 1998.

[104] D. Zabiegaj, E. Santini, M. Ferrari, L. Liggieri, and F. Ravera,
“Carbon based porous materials from particle stabilized wet
foams,” Colloids and Surfaces A: Physicochemical and Engineer-
ing Aspects, vol. 473, pp. 24–31, 2015.

[105] C. Stefaniu, M. Chanana, D. Wang, D. V. Novikov, G. Brezesin-
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