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A B S T R A C T   

Particles adsorbed to fluid interfaces are ubiquitous in industry, nature or life. The wide range of properties 
arising from the assembly of particles at fluid interface has stimulated an intense research activity on shed light 
to the most fundamental physico-chemical aspects of these systems. These include the mechanisms driving the 
equilibration of the interfacial layers, trapping energy, specific inter-particle interactions and the response of the 
particle-laden interface to mechanical perturbations and flows. The understanding of the physico-chemistry of 
particle-laden interfaces becomes essential for taking advantage of the particle capacity to stabilize interfaces for 
the preparation of different dispersed systems (emulsions, foams or colloidosomes) and the fabrication of new 
reconfigurable interface-dominated devices. This review presents a detailed overview of the physico-chemical 
aspects that determine the behavior of particles trapped at fluid interfaces. This has been combined with 
some examples of real and potential applications of these systems in technological and industrial fields. It is 
expected that this information can provide a general perspective of the topic that can be exploited for researchers 
and technologist non-specialized in the study of particle-laden interfaces, or for experienced researcher seeking 
new questions to solve.   

1. Introduction 

Adsorption and self-assembly of nanoparticles and microparticles at 
fluid interfaces are widely exploited phenomena on different techno
logical and industrial purposes. This may be understood considering that 
fluid interfaces provide a suitable environment for the quasi-2D 
confinement of particles, which results extremely useful for guiding 
the fabrication of soft and reconfigurable interface-dominated devices 
[1,2]. In fact, particle-laden interface has been used as support of novel 
applications which range from the stabilization the stabilization of 
dispersed systems, including emulsions (Pickering emulsions or bijels), 
foams, liquid marbles or colloidosomes, to the production of novel 
nanoporous membranes for filtration or encapsulation [3–6] and the 

fabrication of functional materials with different electrical, optical, or 
magnetic properties [7–9]. The accumulation, and quasi-2D confine
ment, of colloids at fluid interfaces leads to the emergence of completely 
new behaviors and properties, e.g., intriguing 2D phase transitions or 
anomalous rheological responses. These cannot be easily explained in 
terms of the physico-chemical concepts traditionally used in the 
description of their 3D counterparts, and require to consider thermo
dynamics aspects acting at the molecular scale with mechanical ones 
operating at the microscale or even larger distances, which are strongly 
determined by the characteristics of the particles and the nature of the 
fluids composing the interface [10,11]. The distinctive features of 
particle-laden interfaces with respect to those stabilized with surfac
tants, can be understood considering that: (i) particles are frequently 
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chemically isotropic objects (Janus particles and patchy colloids are 
exceptions that introduce some specificities); (ii) particles do not tend to 
aggregate in bulk to form well-defined supramolecular systems such as 
micelles, and (iii) most of the adsorbed partices hardly undergo 
desorption or bending processes [12–15]. The above aspects, together 
with the effect of colloidal interactions between particles, some of them 
arising specifically at interfaces, or between the particles and the in
terfaces, determine the adsorption kinetics and self-organization of 
adsorbed particles [16–18]. 

The understanding of phenomena involving the interactions of par
ticles with fluid interfaces has advanced significantly since the seminal 
studies of Ramsdem [19] and Pickering [20], in which some of the most 
fundamental aspects underlying the physico-chemistry of particle-laden 
fluid interfaces were introduced. Nowadays, the development of new 
synthesis routes, which have enabled the controlled fabrication of many 
types of particles that differ in shape, size (ranging from a few nano
meters to several micrometers) or surface chemistry has opened new 
avenues on the understanding of the physico-chemical behavior of 
particle-laden interfaces [21]. Controlling the physicochemical and 
structural characteristics of particles also greatly expands the phenom
ena arising from adsorption and particle assembly at fluid interfaces, 
while allowing the behavior of particle-laden fluid interfaces to be 
modulated almost at will [16]. On the other hand, in the last years that 
the understanding the fundamental aspects of particle adsorption/ 
desorption at fluid interfaces, such as the dynamics of binding, requires 
experiments that monitor the motion of controllable particles during the 
process [22]. Nevertheless, there are many aspects of the behavior of 
particle-charged fluid interfaces that remain unclear, which continues to 
stimulate the research aimed to the understanding of the processes of 
particle adsorption at fluid interfaces and the physico-chemical prop
erties of the resulting layers, such as their response against mechanical 
stresses. 

The last decade has been fruitful in advancing the knowledge of 
particle-laden interfaces, as reflected in the numerous published reviews 
on specific aspects of this type of systems, e.g., contact angle [23–25], 
mechanical response [11,26–35], the dynamics of particles trapped at 
fluid interfaces [36,37], active and externally actuated particles [8,38], 
the interaction of particle layers with biological interfaces [39,40] or the 
development of particular applications (stabilization of emulsions and 
foams, interface-dominated devices or prevention of coffee-ring effect) 
[1,2,5,14,15,18,41]. This review attempts to provide an integrative 
view of the behavior of particle-laden fluid interfaces that may help 
researchers and technologists in the understanding of fundamental and 
applicative aspects of this type of systems. 

2. A brief approach to the adsorption and self-organization of 
particles at fluid interfaces 

This section tries to provide a description of the two processes that 
are indispensable in the formation of any particle-laden fluid interface, 
regardless of the specific nature of the colloidal objects or the fluid 
interface: (i) the transport of colloidal particles to the interface, and (ii) 
the breach of the interface as a result of particle protrusion. As soon as 
the particles enter into contact with the interface, their penetration into 
the interface is mainly driven by the reduction of contact area between 
the two fluid phases, which leads to the minimization of the unfavorable 
fluid/fluid interactions and the reduction of the total free energy of the 

system [13]. This energy reduction in turn contributes to guarantee the 
interfacial stabilization. 

2.1. Interaction between particles and the interface 

Particle-interface interactions can be expected to be relevant as soon 
as the particle is transported to the vicinity of the interface. Since most of 
the particles of interest hold surface charges that lead to the emergence 
of electrical double layer forces, and both the water/vapor and water/ 
non-polar fluid interfaces exhibit a negative effective charge [42], the 
adsorption of negative charged particles at the fluid interface is expected 
to occur very slowly, or does not occur [43], while the adsorption of 
positively charged particles is usually strongly favored, although the 
diffusion process can be very slow. Furthermore, as the particles 
approach the interface made up of fluid with different dielectric con
stant, they experience repulsive image charge repulsions and other 
confinement effects, that distort the electrical double layer of the par
ticles near the interface [43–45]. In fact, when a charged colloidal 
particle approaches to the interface between fluids having very different 
values of dielectric constants, a new type of electrostatic interaction 
emerges. This can be rationalized considering that a particle with a 
defined charge close to the interface (at a distance d) perceives a force 
equivalent to that what would be expected for its interaction with a 
similar particle placed in the other phase at similar distance to the 
interface, i.e., the particle and the image particle are separated by a 
distance 2d [46]. For charged particles suspended in water near an 
interface with air or oil, the image charge interactions are always 
repulsive, independently of the sign of the particle charge. This allows 
modulating the adsorption by varying the ionic strength of the disper
sion [47], because the increase of the electrolyte concentration screens 
the electrostatic repulsion between the particles and the interface. On 
the other side, when the sign of the image charge is opposite to that of 
the particle, the interaction results attractive. 

Moreover, short range van der Waals particle-interface interactions 
arise from the combination of three different contributions (i) in
teractions between permanent dipoles (Keesom interactions); (ii) in
teractions between permanent and induced dipoles (Debye 
interactions), and (iii) interactions involving fluctuating dipoles (Lon
don interactions). The overall interaction can be parameterized in terms 
of the Hamaker constants of the three materials, i.e., those that compose 
the particle and the two fluids. Thus, for a smooth and chemically ho
mogeneous spherical particle of radius R completely immersed in one of 
the fluids (fluid 1), but placed very close to the fluid interface, it is 
possible to define the Hamaker constant for the interaction between the 
solid particle and the second fluid (fluid 2) through a very thin layer of 
fluid 1, AP12, as follows [47] 

AP12 ≈
( ̅̅̅̅̅̅̅̅
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√

−
̅̅̅̅̅̅̅
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(1)  

where APP, A11 and A22 are the Hamaker constants of the particles, and 
fluids 1 and 2, respectively. Note that AP12 is always positive, so the van 
der Waals particle-interface interactions are always attractive [48]. The 
different contributions to the Hamaker constant AP12 can be related, 
using Lifshitz’s theory, to the dielectric permittivity ε and refractive 
indices of the two fluid and the particles [49]. Considering dielectric 
media with identical adsorption frequency (νe), it is possible to obtain 
the following approximate expression, 
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where h is the Planck’s constant; and εi and ni are, respectively, the static 
(zero-frequency) dielectric constants, and the refractive indices in the 
visible range, and kB and T the Boltzmann constant and the absolute 
temperature, respectively. Here, the sub-indexes P, 1 and 2 refer to the 
particle and the fluids 1 and 2. In Equation 2, the first term accounts for 
the Keesom and Debye contribution, and are always lower than ¾kBT 
[48,49], while the second term incorporates the contribution of London 
interactions, which is commonly the most significant. 

2.2. Adsorption dynamics of particles to the fluid interface 

The different transport mechanisms that promote the approach of 
micron-sized particles from a bulk phase to the fluid interface can be 
classified into (i) spontaneous (including Brownian diffusion, sedimen
tation or flotation) or (ii) externally triggered (field-induced or hydro
dynamically guided) [35,36,50–52]. When diffusion is the main 
mechanism, gravity often plays an important role due to the particle 
density. In the dilute regime, where interactions between particles can 
be neglected, the terminal velocity of particle settling is determined by a 
balance between the gravitational and viscous forces. According to the 
Stokes' law [53], the terminal velocity of the falling particles is given by 

vSt =
2R

(
ρp − ρ1

)
g

9η (3)  

where ρp and ρ1 are the densities of the particles and the fluid phase, 
respectively, g is the gravitational acceleration and η the dynamic vis
cosity. The competition between gravity and diffusion is evaluated by 
means of the Péclet number, a dimensionless number which evaluates 
the ratio of convective to diffusive transport defined as 

Pe =
RvSt

D
(4) 

Here, D is the bulk diffusion coefficient of the particles. Péclet 
number assumes values about 0.1 for silica particles of 1 μm suspended 
in water, whereas particles of 10 μm presents a Péclet number almost 4 
orders of magnitude higher. Therefore, it is clear that the increase of the 
particle size may favor the ballistic movement of the particles over 
diffusive transport [29]. 

If gravitational forces can be neglected, Pe <<1, and diffusion occurs 
in the absence of adsorption barriers and external flow fields, particles 
transport to the interface can be described by a Fickian-like diffusion 
law, in a similar manner to the description of molecular surfactant 
adsorption developed by Ward-Tordai [45]. Thus, the mass transport 
rate is given by 

∂c(x, t)
∂t

= D
∂2c(x, t)

∂x2 (5)  

with c(t, x) being the bulk concentration, x the distance to the fluid 
interface and t the diffusion time, respectively. Assuming an initially 
homogeneous particle bulk concentration c(x, 0) = c∞, then the 
boundary condition for the adsorption kinetics is given by 

∂Γ
∂t

= D
[

∂c(x, t)
∂x

]

x=0
(6)  

where Γ(t) is defined as the time-dependent interfacial excess of parti
cles adsorbed at the interface, and Γ(0) = 0. Thus, taking the Ward- 
Tordai approach under conditions of irreversible adsorption and 
without the presence of any adsorption barrier, and considering a 
complete depletion of the particles contained in the sublayer and small 
change of the bulk concentration, i.e., c(∞, t) → c∞, the combination of 
Equations (5) and (6) leads to [45] 

Γ(t) = 2c∞

̅̅̅̅̅
Dt
π

√

(7) 

However, the presence of electrostatic barriers between the particles 
in the bulk phase and the fluid interface is very common and requires an 
extension of the framework described above (see Fig. 1). The effect of 
the electrostatic barrier on the time evolution of the surface concen
tration can be approximate by including an effective diffusivity [54] 

Γ(t) = − 2c∞ΔEp

̅̅̅̅̅̅̅̅̅
Deff t

π

√

(8)  

where ΔEp is the reduction in interfacial energy associated with the 
screening of the fluid–fluid interface and Deff is the effective diffusion 
coefficient, defined as 

Deff = Dexp
(

−
ΔEbarrier

kBT

)

(9)  

with ΔEbarrier being the height of the energy barrier of the energetic 
landscape emerging for adsorption of a particle to a fluid interface [54]. 

On the other hand, Schwenke et al. [50] found that the adsorption 
kinetics is also slowed down with the increase of interfacial coverage in 
agreement with the results by Deshmukh et al. [35]. The latter reported 
the existence of two distinct regimes in the time evolution of the 
adsorption of microgel particles at water/vapor interfaces: (i) a short- 
term regime, where adsorption is controlled by diffusion, and (ii) a 
long-term slower regime, limited by the increase in coverage and the 
associated steric barrier. This is similar to what was found for the 
adsorption of several surface active water-soluble polymers, where a 
first initial fast diffusion of the molecules from the solution to the sub
surface is followed by a reorganization of the molecules, which is limited 
by the steric hindrance induced by the adsorbed molecules and drives 
the equilibration of the interfacial layer [55]. 

2.3. The meaning of the interfacial tension for particle-laden interfaces 

Fluid interfaces are commonly considered to be in the molecular 
scale, with their density profile being analytically described by a 
hyperbolic-tangent function [56,57]. However, in most of the cases, the 
size of the particles is much bigger than the interface width, which does 
not allow one to use the classical microscopic description for explaining 
the decrease of the interfacial tension of clean fluid/fluid interface γ12 as 
result of the particle trapping at the interface [2]. Instead, it is usually 
described in terms of the decrease of the free energy associated with the 
reduction of the contact area between the two fluid phases [58–61]. 
Considering a particle constituted by a material having the same inter
facial tension with both fluid phases, it is expected that its adsorption at 
the interface occurs because it leads to a decrease of the direct contact 

Fig. 1. Simplified representation of the energetic landscape emerging for 
adsorption of a particle to a fluid interface. The energy barrier ΔEbarrier usually 
increases with the interfacial coverage due to the increase of the electrical 
potential and, thus the Debye length. Reprinted from Deshmukh et al. [35], 
Copyright (2015), with permission from Elsevier. 
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between the two fluids, without any additional energetic costs due to the 
contact of the particles with the fluids [40]. 

The above picture requires a description of the interfacial tension 
using a macroscopic perspective, which considers that the surface ten
sion of a particle-laden interface is not truly a thermodynamic magni
tude, and should be defined as an effective one [2,13]. Thus, the 
reduction of the effective interfacial tension is due to the emergence of a 
2D lateral pressure Π, originated from an intricate balance between the 
entropy and inter-particle interactions, which counteracts the contrac
tion of the interfacial area associated with the interfacial tension. This 
leads to a decrease of the interfacial tension γ=γ12-Π, as the interfacial 
packing of the particle-laden interface increases, which is measurable 
using some of the common methodological approaches used for inter
facial tension evaluation [2,13,61–65]. 

Further analysis of the change of the interfacial tension with the 
trapping of particles point out that the reduction of the area between the 
two fluids is directly correlated to the interfacial excess of particles, Γ, 
and, consequently, to the total number of particles, N, which leads to a 
definition of the effective interfacial tension for a particle-laden inter
face as 

γ =

(
∂Gγ

∂A

)

Γ
=

(
∂Gγ

∂A

)

N,T,p
(10) 

The trapping of a particle to a fluid/fluid interface is associated with 
an energy change ΔEp, which leads to a reduction of the interfacial 
tension ΔEp/A. Therefore, the effective interfacial tension of the 
particle-laden fluid/fluid interface in absence of any contribution of the 
inter-particle interactions, i.e., at low interfacial excess concentration, is 
defined by [66] 

γ = γ12 − Π(Γ) (11)  

with Π(Γ) = Γ|ΔEp|. 

2.3.1. Thermodynamics model for describing particle-laden fluid interfaces 
The definition of the interfacial tension for a particle-laden interface 

as an effective magnitude makes it difficult to obtain a physically 
insightful thermodynamic description of such systems. The definition of 
the interfacial tension for a particle-laden interface as an effective 
magnitude makes it difficult to obtain a physicaly insightful thermo
dynamic description of such systems. This makes it necessary to consider 
the role of the interactions between the particles trapped at the interface 
and between the particles and the interface, together with the wetting 
and the chemical potential of the particles [2,31,32]. However, this is 
not trivial for particle trapped at fluid interfaces, because, unlike mo
lecular species, the particle size is very different from that of the solvent 
molecules [67], so, a new thermodynamic framework is needed. 

Henderson [68] proposed the first thermodynamic description of 
particle-laden fluid interface, considering that the interfacial film was 
composed of a 2D colloidal fluid of hard disc-shaped particles, in which 
only the role of the volume interactions was considered. However, this 
model did not provide a realistic picture because it did not include the 
changes on the surface pressure at low interfacial coverage due to long- 
range electrostatic inter-particle repulsions. The simplification adopted 
in the previous model was partially overcome by the one introduced by 
Binks [68], who combined Volmer and van der Waals equations were 
combined. This model accounts for the absence of lateral interactions 
between particles at low packing density and short-range lateral in
teractions between them at high packing density, respectively. Besides, 
it includes two additional assumptions: (i) the behavior of the particles is 
reminiscent of that expected for a surfactant molecule, and (ii) the area 
occupied by the adsorbed particle at the fluid interface is the area pro
jected by the adsorbed particle on the fluid interface, i.e., its geometrical 
area. However, this model did still not consider the role of interactions 
between particles at long separation distances, so it continued to provide 
unrealistic predictions on the dependence of the interfacial tension with 

the packing density. Finally, the different length-scales involved in 
particle-laden and surfactant-laden interfaces were an additional 
contribution to the failure of the model, that predicted changes in the 
surface pressure only at high values of the interfacial coverage (50-70% 
of the total interfacial area when the monolayer was composed of small 
particles, diameter < 1nm). 

A more realistic thermodynamic description of particle-laden fluid 
interfaces was proposed by the group of Miller [69,70]. They extended 
their previous work on the thermodynamic description of protein-laden 
fluid interfaces [71] by including specific aspects enabling for a 
description of the behavior of particles trapped at the fluid interface. 
According to this model, the interfacial pressure of the particle-laden 
interface is given by 

Π =
kBT
ω0

[
ln
(

1 −
ω
A

)
+
(ω

A

) ]
− Πcoh (12)  

where ω/A and ω0 are the fraction of area covers by particles and the 
area of a single particle, respectively, and Πcoh is the cohesion pressure, a 
parameter that accounts for the contribution of the inter-particle in
teractions to the packing of the particle-laden interface. Application of 
the above model provides a suitable description of the change in inter
facial tension with packing density, regardless of the chemical nature 
and dimensions of the particles in question, even when the interfacial 
coverages is far from a close-packed state. 

More recently, Hua et al. [72] introduced an alternative model that 
accounts for: (i) the impact of the reduction of the contact line between 
the two fluid phases on the interfacial tension, and (ii) the inter-particle 
interactions. The contribution of the reduction of the contact line on the 
surface pressure due to particle adsorption, Πp, was obtained in terms of 
the particle density at the fluid interface, whereas the contribution 
associated with the inter-particle interactions, Πp-p, was assessed, 
assuming a linear additivity Π = Πp + Πp-p, by evaluating the change of 
the interfacial pressure of the 2D particle-laden interface. Thus, 
combining these contributions with the Frumkim model [57], which 
considers the non-ideality of the interactions, and assuming thermody
namic equilibrium, where the Gibbs relationship is fulfilled, the inter
facial pressure is given by the following expression [73] 

Π = − kBTΓ∞
[
ln(1 − ϑ) − 0.5Kϑ2 ] (13)  

where Γ∞ and K are the interfacial excess concentration for a close- 
packed particle-laden interface and an inter-particle interaction con
stant, respectively. Here, ϑ=Γ/Γ∞ represents the interfacial coverage, i. 
e., the affinity of the particles for the interface. 

Finally, Groot and Stoyanov [74] proposed a model that introduces 
the dependence of the inter-particle interactions on the interfacial 
coverage density in the estimation of the interfacial pressure. According 
to this model, the latter is described by 

Π =
4kBT
πd2

[
byZ

λ
− b2ϑ2

]

(14)  

where d accounts for the range of the long-range interactions, Z is the 
compressibility factor [74], (λ)1/2 ̅̅̅

λ
√

is the effective diameter of the 
particles, and b and b2 are parameters accounting for the inter-particle 
interactions. This model has been successfully applied on the descrip
tion of the collective behavior of soft particles adsorbed at fluid in
terfaces [75]. 

2.4. Wettability of particles at a fluid interface 

The chemical anisotropy of surfactants, i.e., the existence of two 
moieties with different polarities and different affinity for fluid phases, 
is the main driving force for their attachment to fluid interfaces. The 
entropic penalty associated with the reduction of the degree of freedom 
in the orientation of the surfactant molecules, is counterbalanced by a 

E. Guzmán et al.                                                                                                                                                                                                                                



Advances in Colloid and Interface Science 302 (2022) 102620

5

favorable enthalpic contribution, thus reducing the Gibbs free energy of 
the system. However for describing the entrapment of smooth, spherical 
and chemically isotropic particles at a fluid interface, particle wetta
bility plays the essential role [29]. Entrapment of a particle at a fluid 
interface is only possible when the difference between the energies of 
the particle dispersed in one of the bulk phases and that of the particle 
trapped at the fluid interface exceeds the energy associated with thermal 
agitation kBT. Assuming that the particle is small enough to neglect 
gravitational forces, the energy of a particle, whose center is located at 
an arbitrary distance z of the interface, is given by [1,25] 

E(z) = πR2γ12

[(z
R

)2
+ 2

(
γP2 − γP1

γ12

)(z
R

)
+ 2

(
γP2 + γP1

γ12

)

− 1
]

(15)  

where γP1 and γP2 are the interfacial tensions between the solid particles 
and the two fluid phases. Fig. 2 shows the dependence of the energy of a 
particle as a function of z0 = z/R, with z0 = 1 and z0 = -1 corresponding 
to a particle completely immersed in the fluid 1 and 2, respectively, and 
z0 = 0 to a particle placed in the interfacial plane. 

The equilibrium position z0
min, which corresponds to a particle 

mostly immersed in fluid 1 (0<z0
min < 1) or 2 (− 1 < z0

min < 0), is placed 
at the distance where the free energy is minimized, i.e., ∂E/∂z = 0, and is 
given by [76] 

zmin
0 =

γP1 − γP2

γ12
R (16) 

At this point, the equilibrium condition of the forces acting at the 
contact line can be defined in terms of the three characteristic interfacial 
tensions, the interaction between the particle and both fluids and be
tween the two fluid phases, simplifies to the Young-Dupre equation 

0 = γP1 − γP2 − γ12cosθ (17) 

Here, the contact angle, θ, is defined as the angle between the plane 
tangent to the particle’s surface and the interface at the line where the 
interface meets the solid, as shown in Fig. 3 [77]. 

Under these conditions, the equilibrium contact angle is completely 
determined by the three surface tensions 

cosθ =
γP1 − γP2

γ12
(18) 

From the previous equation, it follows that the particle adsorbs at the 
fluid interface only when the following inequality is met [13,25] 

|γP2 − γP1| < γ12 (19) 

Hence, the contact angle plays the same role as the hydrophilic- 
lipophilic balance (HLB) of molecular surfactants [12,23], i.e., a 
parameter that provides information on the preferential partitioning of 
particles between the two fluid phases, and results from the different 
interaction of the particles with the two fluid phases [10,12,78]. 

It is possible to describe the trapping of colloidal particles at a fluid 
interface in terms of the intricate balance of interactions, e.g., van der 
Waals, polar and electrostatic interactions, and hydrodynamics forces 
that contribute to interfacial equilibrium [48,49]. For example, in 
charged particles the free energy per unit of area, associated with the 
formation of the electric double layer, ΔFDL, leads to a change of the 
surface free energy γ1P=γ1P,0+ΔFDL [79], where γ1P,0 is the surface 
tension at the point of zero net charge. Introducing the above correction 
into Equation (18), the following expression is obtained 

cosθ = cosθ0 −
ΔFDL

γ12
(20) 

Considering that in most cases the double layer forms spontaneously, 
ΔFDL < 0. Therefore, a smaller partitioning of the charged particles 
between the two media is expected than for an uncharged particle. If one 
of the fluids is water, particles are considered as hydrophilic when θ <
90◦, and they remain mainly submerged in water, while particles are 
considered hydrophobic when θ > 90◦, and they are predominantly 
submerged in the non-aqueous phase. The case in which the particles 
show a similar preference for both fluid phases is the so-called neutral 
wetting and is characterized by a contact angle of 90◦ (see Fig. 4). 

For spherical and perfectly smooth particles, it is possible to find a 
simple geometrical relation connecting the contact angle and the pro
trusion height h of the particle into the less polar phase, 

Fig. 2. Free energy of a spherical colloidal particle (R = 50 nm) as a function of 
its center relative to the hexadecane/water interface. The interfacial tensions 
are γ12= 53.5 mN/m, γP1= 28.5 mN/m and γP2= 14.2 mN/m. Reprinted from 
Ballard et al. [25], Copyright (2019), with permission from The Royal Society 
of Chemistry. 

Fig. 3. Idealized representation of the position of a particle trapped at an 
arbitrary fluid/fluid interface. θ and R represent the contact angle, or relative 
wettability of the particle by the interface, and particle radius, respectively; γP1 
and γP2 are the interfacial tensions between the solid particle and the two fluid 
phases, and γ12 the interfacial tensions corresponding to the fluid interface. 
Adapted from Davies et al. [77], Copyright (2014), with permission from 
American Institute of Physics. 

Fig. 4. Schematic showing the relative position of a colloidal particle in rela
tion to the interfacial plane as a function of its contact angle. Reprinted from 
Maestro et al. [80], Copyright (2019), with permission from The Royal Society 
of Chemistry. 
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θ = cos− 1[1 − h/R] (21) 

From equation (15), the energy change associated with the trans
ference of a particle from a fluid phase to its equilibrium position, i.e. the 
so-called trapping energy, is given by [81] 

ΔEp = −
πR2

γ12
(γ12 − (γP1 − γP2) )

2 (22)  

which for spherical particles can also be defined in terms of the contact 
angle as 

ΔEp = − πR2γ12(1 ± cosθ)2 (23)  

where the ± signs in the bracket indicate the position of the particles in 
relation to the interfacial plane. According to Equation (23) particle 
trapping at fluid interfaces strongly depends on size. Fig. 5 shows the 
dependence of the entrapment energy on the contact angle, calculated 
with Equation (23), for two colloidal particles with different sizes, 10 nm 
and 1 μm, at an arbitrary fluid interface with γ12 = 50 mN/m. 

The energetic landscape, resulting from the analysis of the contact 
angle and size dependences of the trapping energy, shows that the latter 
largely exceeds the thermal energy kBT in most of the cases [82]. 
Therefore, the adsorption of micron-sized particles to a fluid interface 
can be considered as an irreversible process, with typical trapping en
ergy values in the range between 106 kBT and 107 kBT. For the 
mentioned microparticles, adsorption is reversible only at very low 
values of the fluid/fluid interfacial tension γ12, and/or for cosθ ~ 1. On 
the other hand, in particles with sizes smaller than 10 nm the trapping 
energy is of the order of several kBT. This suggests that for particles with 
a very small size, the low value of the trapping energy can lead to a 
thermal-activated escape of the particles from the interface. Hence, 
small nanoparticles exhibit an adsorption-desorption equilibrium like 
that found in conventional molecular surfactants, polymers and proteins 
[83]. Fig. 6 shows the dependence of the detachment energy (-ΔEp) on 
the particle radius for the trapping of colloidal particles at an oil/water 
interface with γ12 = 50 mN/m, and a fixed value of θ = 90◦. The resi
dence time of particles at the fluid interface is reduced with the decrease 
of the characteristic size of the adsorbed particles, which explains the 
facilitated displacement of small nanoparticles from the interface by the 
adsorption of particles with bigger size [84]. 

In most cases, micro-sized particles are irreversibly adsorbed, so that 

the particles can only move freely within the interfacial plane. The ex
istence of lateral mobility of the particles allows their rearrangement in 
a diffusive manner or after the application of external stimuli, which lays 
the foundation for the fabrication of new materials that can be recon
figured by adjusting the particle interactions/organization at the fluid 
interface [17,37]. This scenario largely differs from the one stablished 
when particles are set on liquid/solid interfaces [16], or even when 
particles are in the vicinity of a fluid interface but without actually being 
adsorbed [85]. The position of particles trapped at fluid interfaces un
dergoes fluctuations relative to the interfacial plane, when the interfa
cial and thermal energies are comparable, and deformations induced by 
interface capillary waves [84,86]. However, the motion of adsorbed 
particles along the direction perpendicular to the fluid interface induces 
the emergence of capillary forces that promote the reestablishment of 
the equilibrium position [87]. 

The entrapment of a colloidal particle in the interfacial plane sepa
rating two fluid phases requires that the interfacial tension forces can 
overcome the action of gravity [81]. The balance between these two 
contributions is typically defined in terms of the Bond or Eötvos number 

Bo =
Δρg2R

γ
(24)  

where Δρ denotes the difference between the density of the particle and 
the fluid. It should be noted that the gravitational contribution only is 
relevant for particles of several micrometers. For particles smaller than 
10 μm, Bo assumes values well below unity, and hence the contribution 
of interfacial tension forces becomes dominant [88,89]. 

It should be noted that the reversible/irreversible character of the 
attachment of particles to the fluid interface, together with the value of 
the contact angle have an important impact on different physicochem
ical aspects associated with potential applications of particle-laden in
terfaces. Among them, the organization of the particles at the interface, 
the strength and nature of the interparticle interactions, the friction 
coefficient values in microrheology experiments, or the response of 
particle-laden fluid interfaces to external mechanical deformations, that 
govern the ability of particles to stabilize emulsions and foams 
[27,64,78,80,86,90–93]. 

2.4.1. Effect of line tension and particle roughness in the wetting of particles 
for fluid interfaces 

The contributions of the particle roughness and/or the line tension to 
the wetting properties of the particles limit the applicability of Equation 
(18) to provide an appropriate description of particle entrapment at 
fluid interfaces [94]. The line tension is caused by the imbalance 

Fig. 5. Trapping energy for two colloidal particles with R = 1 μm (a) and R =
10 nm (b), at a fluid interface with γ12 = 50 mN/m, as function of the contact 
angle. Please, note the differences on the energy scales. Reprinted from Guzmán 
et al. [34], Copyright (2021), with permission from Institute of Physics. 

Fig. 6. Dependence of the detachment energy at 298 K for a particle adsorbed 
at a planar oil/water interface (γ12 = 50 mN/m) at a fixed contact angle θ =
90◦. Note the low energies for particles with radii smaller than 0.5 nm (close to 
that of molecular surfactants). Adapted from Binks [12], Copyright (2002), with 
permission from Elsevier. 
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between the intermolecular forces that operate within the three-phase 
contact line [95], and can be positive or negative, with a magnitude in 
the range between 1-100 pN [25]. The relative importance of its 
contribution can be assessed in terms of a dimensionless number defined 
as 

Li =
τ

γ12L
(25)  

where τ and L are the line tension and the length of the contact line, 
respectively [96]. The role of the line tension in the wetting of particles 
can be included by modifying the Young’s equation with the correction 
proposed by Bresme and Quirke [97], who introduced a dependence 
between both interfacial and line tensions on the contact angle of 
spherical smooth particles as follows 

γP1 − γP2

cosθ
− γ12 = −

τ
Rsinθ

(26) 

It follows from the above expression that the line tension influences 
the wettability of particles only for sizes below 20 nm [10,18,98–100]. 
Following arguments analogous to those developed in section 2.4, but 
including the contribution associated with the line tension, the energy 
change associated with the entrapment of a particle at the fluid interface 
can be defined as 

ΔEp = γ12cosθ∞2πR2(1 − cosθ)+ 2τπRsinθ − πR2γ12cos2θ (27)  

where θ∞ is the contact angle provided by the Equation (18). When 
particles are in conditions of mechanical and thermal equilibrium, with 
(∂ΔEP/∂θ)T = 0, they are in the position dictated by the contact angle 

cosθ = cosθ∞

[

1 −
τ

Rγ12

]− 1

(28) 

It should be noted that the minimization of the line tensionmodifies 
the wettability of non-spherical particles and their orientation at the 
interface [88,89,96]. For θ → 90◦, i.e., intermediate wetting conditions, 
it is possible to neglect the role of line tension, and Equation (28) be
comes Equation (18). In such conditions, the line tension applies almost 
tangentially to the interface, and therefore its impact on the position of 
the particles in relation to the interficail plane becomes almost negli
gible [13,25]. When the contact angle differs significantly from 90◦, the 
perpendicular component of the line tension assumes a relatively high 
value, becoming maximum for θ → 0◦ and θ → 180◦ [101], which leads 
to a positive contribution to the energy change associated with the 
trapping of the particle. 

The assymetry of the shape and roughness of the particles increase 
the ratio between the contact line and the characteristic dimension of 

the particles [98], also modifying the wetting properties of colloidal 
particles by fluid interfaces [61,102], especially when the roughness of 
the particles is high and their size is small [103]. This modifications 
were studied theoretically by Nonomura and Komura [103] using the 
Cassie–Baxter model, associated to the emergence of pinning–depinning 
of the interface along the contact line. 

2.4.2. Tuning the contact angle of particles at a fluid interface 
The interfacial organization of the particles within the interface can 

be modulated by altering the wettability of the particles (see Fig. 7), and 
consequently the interparticle interactions. 

Many physical and chemical tools are currently available to modify 
the wettability of colloidal particles and tune their interfacial organi
zation. The most widespread strategy to modify the ability of particles to 
remain trapped at the fluid interface is the addition of different chemical 
additives, e.g., surfactants, polymers, salts or even low molecular weight 
compounds (e.g., alcohols), to the particle dispersion. These molecular 
species can decorate the particle surface through non-electrostatic, e.g., 
hydrogen bonds, electrostatic or van der Waals interactions 
[51,58,60,61,102,104–108]. 

For instance, due to a complex interplay between hydrophobic and 
non-covalent electrostatic interactions, it is possible to modify the 
wettability of the particles in situ by modifying the amount of surfactant 
added in the dispersion containing the colloidal particles, or in the 
second fluid [109]. The gradual addition of surfactants usually results in 
the appearance of different surfactant structures and the progressive 
increase in particle hydrophobicity. The maximum degree of particle 
hydrophobization is usually found for surfactant concentrations high 
enough to ensure neutralization of the surface charge of the particles. 
Any further increase of the surfactant concentration beyond the iso
electric point usually leads to rehydration of the particles. The decrease 
in contact angle is usually due to the formation of a surfactant bilayer on 
the surface of the particles through hydrophobic interactions between 
the alkyl tails of the surfactant molecules. This approach was explored 
by Maestro et al. [80] and Binks et al. [110], who added two different 
types of alkyltrimethylammonium bromide surfactants (hexadecyl
trimethylammonium bromide, CTAB and dodecyltrimethylammonium 
bromide, DTAB) to dispersions containing silica nanoparticles to tune 
the assembly of silica nanoparticles at the water/steam interface. Binks 
et al. [111] extended the possibility of modifying the wettability of silica 
particles by the addition of a two tails surfactant (didecyldimethy
lammonium bromide). Obviously, the impact of the addition of surfac
tants on the wettability of particles is determined by the chemical nature 
of the particles. Deleurence et al. [112] studied the modification of 
hydrophobic anionic polystyrene and hydrophilic silica particles with a 
cationic surfactant. They found that polystyrene particles underwent a 

Fig. 7. Sketch showing the effect of the wettability of the particles on their organization at a fluid interface. Reprinted from Garbin et al. [93], Copyright (2012), with 
permission from Elsevier. 
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strong change in their contact angle. However, the contact angle of silica 
particles was not significantly modified, although there was a strong 
modification of the particle charge. Another example of the strong 
impact of the additives on the interfacial properties of particles can be 
found in the work by Perrin et al. [113]. They demonstrated that the 
addition of diethylene glycol monobutyl ether to silver nanoparticles 
leads to a strong modification of the ability of particles for adsorption at 
both fluid/fluid and fluid/solid interfaces, which can be exploited in the 
fabrication of electronic devices by ink-jet printing [114]. 

On the other hand, it is also possible to obtain a well-controlled 
modification of particle wettability by irreversible covalent bonding of 
specific coating ligands to the particle surface [115]. For instance, 
silanization of silicon dioxide particles, with a reduction in the per
centage of surface free silanol groups from 34% to 20%, leads to an 
increase in the value of the particle contact angle at the water/vapor 
interface by a factor of two. [116] Thus, particles with the highest hy
drophobicity (those with 20% of free silanol groups) present a contact 
angle of 113◦, whereas this decreases for hydrophilic particles (those 
with 34% of free silanol groups) down to 55◦. Similarly, grafting poly 
(glycerol-monomethacrylate) chains onto the surface of polystyrene 
latex particles modifies their contact angle at the fluid interface [117]. 

The particle wettability control developed in recent years has stim
ulated significant research efforts on the rational design of wettability- 
controlled particles, and in particular for the design of colloidal parti
cles with asymmetric wetting properties, e.g., Janus particles and patchy 
colloids [29,118,119]. 

2.4.3. Experimental methods for the evaluation of the contact angle of 
particles trapped at fluid interfaces 

Since there is no standard approach to determine the contact angle of 
particles at fluid interfaces, regardless of their dimensions, shape and 
morphology, its determination remains a challenge [120–122]. At pre
sent, there are different experimental techniques designed for a direct or 
indirect determination of the contact angle of isolated particles adsorbed 
at the interface of the fluid (or its assemblies). These methods are usually 
classified into three different groups: (i) indirect measurements; (ii) 
direct measurements of multiple particles (ensemble methods); and (iii) 
direct measurements of individual particles, in which the position of the 
particle centre is resolved relative to the interfacial plane 
[23,24,123,124]. Indirect methods the mean value of the contact angle 
of the particle trapped in a fluid interface by measuring a property 
associated with it. In single particle methods, colloids are directly 
visualized by different types of microscopies (optical, electron, atomic 
force...), so the minimum particle size that can be observed depends on 
the specific technique. These methods are usually free of assumptions 
and allow the detection of any interface heterogeneity. However, they 
require imaging of a large number of particles to ensure good statistics 
for contact angle determination. On the other hand, ensemble ap
proaches allow determining a very accurate mean contact angle, with 
very good statistics, by measuring the macroscopic properties of the 
system, even in smaller objects. However, the use of this type of methods 
does not give directly information about the possible heterogeneity of 
the particle contact angle, i.e., the possible variation of the contact angle 
between individual adsorbed particles resulting from subtle changes on 
their chemistry, size or morphology (shape and roughness). 

2.4.3.1. Indirect methods. The analysis of the profile of a sessile droplet 
deposited on the surface of a flat substrate, that has the same chemical 
nature as the particles trapped at the fluid interface, is an indirect 
method commonly used to estimate the contact angle [125]. However, 
the assumption that this angle coincides with the particle contact angle 
fails in most cases because it does not consider the role of curvature, 
roughness and line tension. 

The particle contact angle at the fluid interface can also be deter
mined through the analysis of interfacial pressure-area isotherms (Π-A) 

of particle-laden fluid interfaces. Two different methods have been 
described for such purpose: (i) the analysis of the area exclusion induced 
by the particles in a second component, usually a surfactant, and (ii) the 
evaluation of the isotherm collapse pressure. The first method is based 
on the analysis of the area displacement exhibited by the Π-A isotherms 
of an insoluble surfactant when colloidal particles are adsorbed simul
taneously. In this case, the contact angle is estimated by assuming both 
that the wettability of the particles does not change with the presence of 
the surfactant, and that such displacement occurs because the particles 
occupy part of the interfacial area. The latter assumption implies the 
absence of interactions between particles and surfactant molecules. 
Otherwise, the area shift could mask the expansion or contraction of 
available area associated with the interactions [126,127]. The second 
method, exploited for a long time, calculates the contact angle by sur
face pressure measurements and geometrical considerations, assuming 
that once the system reaches the collapse pressure, Πc, identified by a 
kink or flat region in the Π–A isotherm,the particles adopt a close 
packing configuration organized in ideal coplanarity [52,128–131]. On 
the other hand, if compression provides enough energy to force 
desorption of the particles the collapse pressure and desorption energy 
can be correlated as follows [128] 

ΔEp =
Πc

Γc
(29)  

where Γc is the surface concentration at the collapse point. 
The pendant drop tensiometer is also a technique often used to 

measure the binding energy of particles trapped at a fluid interface. This 
technique monitors the time evolution of the interfacial tension of a 
droplet of the particle suspension during the spontaneous adsorption of 
the particles at the fluid interface [66]. Thus, neglecting the existence of 
interparticle interactions at the interface, and assuming that the 
maximum packing of the particles at the interface corresponds to a 
perfect 2D hexagonal array, the saturation of the interfacial tension is 
related to the adsorption free energy as 

ΔF = − (γ12 − γ)πR2/η (30)  

with η=0.91 for a close-packed interface. 
A very popular alternative approach for indirect contact angle 

determination is based on the measurement of the upward velocity of a 
fluid, pushed by capillary pressure, which is contained in a capillary 
column filled by a packed bed of particles [132,133]. This method, 
exploited to determine the contact angle of particles with a wide range 
of sizes, shapes and chemical nature, assumes that particles form a 
bundle of capillary tubes, of circular cross-section and radius Req. In this 
method, the contact angle is assessed using the Washburn equation 
[134] 

h2
L =

γ12Reqcosθ
2η t (31)  

where hL, t and η are the height of the liquid column, the time and the 
viscosity of the rising liquid, respectively. According to Equation (31) hL 
is defined as a function of the experimental time. However, this method 
is limited to the determination of the contact angle of rather mono
disperse particles, which form bundles where the porosity of the bed of 
particles is well defined. Furthermore, the Washburn method only pro
vides information of the advancing contact angle, which can be far from 
the true equilibrium situation due to the wetting dynamics. 

As alternative to the Washburn method, Diggins et al. [135] intro
duced another approach based on the determination of the equilibrium 
capillary pressure of a packed bed of particles, ΔP, which can be defined 
as the pressure required for hindering the fluid motion through the 
packed particles. The latter is related to the contact angle through the 
Laplace-White equation [136] 
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ΔP =
γ12Aϕcosθ

1 − ϕ
(32) 

The main advantage of this approach is that only depends on 
experimentally accesible parameters, such as the specific surface area A, 
the volume fraction of powder ϕ and the fluid/fluid interfacial tension 
γ12. 

The use of a force tensiometer can also help on the evaluation of the 
wettability of powders. This evaluation is possible by loading a packed 
bed of particles, hunged from a precision balance and then dipped into 
the liquid. Thus, it is possible to determine the contact angle from the 
change detected in the mass when the liquid progressively penetrates 
through the bed, as follows 

cosθ(t) =
m2η

Cρ2γ12t
(33)  

where C is a constant characteristic of the material and m the variation of 
the mass at a given embedding time t [137]. It is should be stressed that 
the different approaches introduced for replacing the conventional 
Washburn method can be only used for obtaining the advancing contact 
angle. 

Another approach used to determine the contact angle is based on 
the use of a heat-flow calorimeter to measure the energy change
associated with the mixing of solid particles and a liquid [138]. In this 
method, the contact angle is related to the enthalpy of immersion, 
through thermodynamic consideration, as follows 

cosθ =
− KT − hi

γ12
(34)  

where K is given by the temperature change associated with the im
mersion of the particles in the fluid phase, and hi is the change of 
enthalpy associated with such immersion. This approach requires the 
use of two calorimetric cells: the first one filled with dried powder, and 
the second empty one used as reference. The experimental evaluation of 
the contact angle relies of the equilibration of both chambers with 
liquid, and the determination of the differences on the changes of 
thermal energy during the wetting process. This method is commonly 
used for particle trapped at liquid/vapor interfaces, with the contact 
angle for particles at liquid/liquid interfaces being obtained by combi
nation of the data obtained for the individual liquid/vapor interfaces. 
However, the required assumptions to link immersion enthalpy and 
contact angle have limited the applicability of this approach. 

A last indirect alternative used to determine the contact angle relies 
on the use of the Atomic Force Microscope (AFM). In this method, the 
contact angle is estimated by measuring the force-distance curve due to 
the interaction between a colloidal probe and a liquid bubble [139]. This 
is possible because during attachment and detachment of the colloidal 
particle from the interface, it is possible to obtain information of 
different parameters, including the jump-in and detachment position, 
the detachment force and the work adhesion, which allows estimating 
both the advancing and receding contact angles of particles bigger than 
2–3 μm. The use of AFM for determining the contact angle is a extremely 
sensitive methodology which is affected by specific details of the particle 
surface, e.g. surface topography and chemistry, which can result in 
displacements of the contact line or local pinning. Furthermore, the 
complexity of the methodology makes it difficult to obtain a detailed 
statistical analysis from AFM measurements, even though this technique 
provides important information related to the mechanics of the wetting 
of particles. 

2.4.3.2. Direct methods for particle ensembles 
2.4.3.2.1. Immobilization methodologies. A very popular approach 

for determining the contact angle of particles trapped at fluid interfaces 
relies on the immobilization of particles at the interface, commonly by 
freezing [122] or gelling [140], followed by an analysis of the 

immobilized surfaces by using a high-resolution microscopy (electron 
microscopy or AFM). Currently, there is a broad range of immobilization 
strategies that allow obtaining information on the contact angle of 
particles at fluid interfaces, with their main advantages arising from the 
possibility to evaluate many particles from a single measurement. 
Nevertheless, their application appears limited by the significant inter
face manipulation, which may modify the locations of the particles, 
induce particle deformations or change the composition of the system. 

The first and probably most popular methodology based on particle 
immobilization is the so-called gel trapping technique (GTT). It was 
originally designed for the evaluation of the contact angle of micro
particles at a fluid/fluid interface by their transference to a solid matrix, 
allowing their direct visualization by using Scanning Electron Micro
scopy (SEM) [140]. It was quickly extended to the determination of the 
contact angles of nanoparticles trapped at fluid interfaces by using AFM 
for imaging [99,120]. In the GTT, a particle film is prepared at the 
interface between a fluid and an aqueous solution of a gellan, main
tained at a temperature above its gelling temperature. The temperature 
is then reduced to force the gelation and the particles are trapped in their 
fixed position at the interface. This allows the monolayer to be trans
ferred to a poly(dimethylsiloxane) (PDMS) replica, where the relative 
position of the adsorbed particles can be directly determined by mi
croscopy. From the images it is possible to estimate the contact angle by 
a simple geometrical analysis. Thus, it is possible to determine the 
contact angle of particles with sizes in the range 100 nm-100 μm, 
trapped at both liquid/vapor and liquid/liquid interfaces 
[102,120,140]. Despite its apparent simplicity and accuracy (contact 
angle can be determined with a variability of 3-5◦), the use of GTT ap
pears limited due to the different aspects. First, the gellan is a non- 
surfactant active molecule with a characteristic length of 10 nm. This 
can lead to trapping heterogeneities which makes difficulty to provide a 
definition of the contact line when particles with a diameter below 100 
nm are considered. Furthermore, the aplication of high temperatures 
limits the applicability of GTT to non-volatile fluids, and can induce 
deformation on the particles [141]. 

Vogel et al. [142] introduced an alternative to conventional GTT 
based on the addition of butylcyanoacrylate to the interface through the 
vapour phase. The formation of a poly(butylcyanoacrylate) matrix, via 
an anionic polymerization process that starts upon the contact of the 
precursor butylcyanoacrylate with the aqueous phases promotes the 
trapping of the colloids at the water/vapour interface. This approach 
also creates a solid replica of the interface that can be used for the 
evaluation of the equilibrium positions of the colloids, using high res
olution microscopy. 

A more sophisticated immobilization methodology combines freeze- 
fracture (FreSCa) and shadow-casting cryo-Scanning Electron Micro
scopy (SEM) [122]. This method relies on the immobilization of the 
particles at the fluid interface by a fast vitrification, helped by the action 
of propane jet freezer, that traps the particles at the fluid interface 
without any significant thermal contraction. The obtained sample are 
later fractured and uni-directionally coated with a metal layer at a well- 
defined tilt angle α, and then the contact angle of the particles is 
determined from the images obtained using cryo-SEM, using simple 
geometrical assumptions [111,122,143]. This is possible because the 
presence of a particle-laden layer at a flat interface appears as a weak 
fracture plane, and allows the exposure of the immobilized particles. 
Thus, the oblique metal deposition casts the shadow of the particle 
protruding from the interface. The measurement of the length of the 
shadow and the projected height make it possible the calculation of the 
protruding height h, and consequently the contact angle, knowing the 
value of the shadowing angle α and the geometry of the particles [144]. 
The use of the FreSCa coupled with cryo-SEM imaging allows evaluating 
relatively large regions of particle-laden interfaces, which allows an 
accurate evaluation of the existence of wetting heterogeneities at the 
interface. Furthermore, this method offers a high accuracy and flexi
bility for the determination of contact angles of particles at water/oil 
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interfaces independently of the chemical nature of the particles and the 
liquid [111]. Furthermore, it is not limited to the determination of the 
contact angle of model-hard spherical particles but can also be used in 
the evaluation of the contact angles of ellipsoids, Janus colloids, 
dumbbells, proteins fibrils or soft particles [96,143]. Despite the many 
advantages of the above method, it cannot be used for measuring the 
contact angle of extremely hydrophilic particles, due to the minimum 
possible value of the accessible casting angle. Furthermore, the deter
mination of the contact angle requires a priori knowledge of the particle 
geometry to obtain the relationship between the protrusion height and 
the contact angle. 

van Rijssel et al. introduced the use of cryo-electron tomography 
(ET) to determine the contact angle of small particles trapped at a fluid 
interface [145]. The method requires freezing the fluid interface on the 
surface of a Transmission Electron Microscopy (TEM) grid. Then, images 
of the sample are acquired at different tilt angles (in the range between 
-65◦ and 65◦) to create tomograms by weighted back projections. This 
makes it possible to obtain three-dimensional reconstructions of the 
samples, which provide the contact angle by calculating the distance 
between the particle centre of mass and the nearest interface. Even when 
the use of TEM imaging allows for a significant reduction of the minimal 
size of the particles that can be studied, the use of complex algorithms is 
often required in the tomogram reconstruction [146]. Furthermore, the 
introduction of assumptions related to the geometry and symmetry of 
the particles are essential to determine the protrusion height from the 
images. 

A last alternative based on the immobilization for particles at liquid/ 
vapor interface was proposed by Mc Bride et al. [99]. Their approach 
relies on the deposition of a dispersion of particles with an excess of 
chloroform in an interface containing low-glass-transition temperature 
polystyrene. After the chloroform is evaporated upon heating, the liquid 
mixture is deposited onto a glass slide. By cooling, the polystyrene melt 
undergoes a solidification process, which favours the trapping of the 
particles in their positions. The analysis of the samples, done by SEM or 
AFM, gives information of the protrusion height. However, this type of 
method is only applicable for particles that are insoluble in chloroform 
and are trapped at the interface between polystyrene melt and vapor. 

It should be noted that all the above immobilization techniques have 
limitations associated with the stastistics due to the maximum number 
of particles that can be imaged and analyzed. 

2.4.3.2.2. Optical techniques. Reflectivity techniques are very 
powerful for assessing the position of the particles relative to the 
interfacial plane, taking advantage of contrasts in refractive index or 
scattering density across the interface. Most methods for the determi
nation of the contact angle by reflectivity techniques are based on the 
comparison of the results obtained for the clean and particle-laden 
interface. 

The use of ellipsometry provides a non-invasive methodology to 
evaluate the contact angle of sub-micrometer particles trapped at fluid 
interfaces [121]. In this technique the particle-laden interface is 
modelled as a bilayer, with the first layer being formed by the fraction of 
the particles and the layer of liquid that appears just below the inter
facial plane, and the second layerby the fraction of the particles and fluid 
remaining just above the interfacial plane. Later, the ellipsometry 
analysis considers each layer as an independent media with a homoge
neous reflectance, neglecting the role of scattering phenomena. Hence, 
the relationship between the contact angle of the particles and the 
thickness of the two layers is established in terms of the Effective Me
dium Approach (EMA) [80,116,121]. 

The use of scanning angle reflectometry (SAR) provides similar in
formation than that obtained using ellipsometry [124,147]. This tech
nique is based on the analysis of the reflectivity profile of a p-polarized 
beam in the viccinity of the Brewster angle. This provides an effective 
refractive index of the monolayer, neff, which in turn contains infor
mation on the position of the particles in relation to the interfacial plane, 
and consequently to the value of the contact angle. There are two 

experimental approaches to extract information of the contact angle of 
particles trapped at the fluid interface from SAR experiments. The first is 
applicable for particles smaller that the wavelength of the incident beam 
and with a refractive index close to that of the fluid phases (uniform 
layer approach). Here, the effective refractive index of the monolayer is 
obtained from the profile of the reflected intensity [124]. The second 
approach considers a gradient layer model that assumes that the effec
tive refractive index depends on the light penetration depth [147]. 
Despite the differences between the two models, both assume the pres
ence of a laterally homogeneous monolayer of monodisperse particles. 
Hence, the applicability of ellipsometry and SAR is limited to perfectly 
ordered assemblies of particles having strong interactions. This condi
tion may have some effect on the contact angle, which could be different 
to that measured in monolayers of isolated or non-interacting particles. 
It has to be remarked that, although SAR and ellipsometry determine in 
situ the average contact angle of particles trapped at a fluid interface, the 
quality of the fitting procedure is essential to obtain physically reliable 
values. 

The above method relies on the use of visible light. However, x-ray 
radiation can be also used to obtain information about the location of 
colloidal particles in relation to the interfacial plane. The measurement 
of the dependence of X-ray reflectivity (XRR) on the wavevector of the 
incident beam, followed by the modeling of the obtained reflectivity 
profiles, has been used to determine, with a sub-nanometric resolution, 
the position of adsorbed nanoparticles trapped at water/vapor or water/ 
fluid interfaces [148,149]. In parallel, the use of scattering techniques 
allows a direct determination of the interfacial coverage, which can be 
related to the contact angle. However, the use of XRR does not overcome 
the need to include assumptions related to the particle packing. For a 
better quantification, reflectivity measurements are often combined 
with in-plane characterization via Grazing incidence small angle X-ray 
scattering (GISAXS) experiments [150]. Recently, Smits et al. [151] 
compared the contact angles obtained by measuring the contact angle of 
a water droplet deposited on flat substrate which the values obtained by 
XRR for particles directly trapped at fluid interfaces, maintaining the 
same surface charge, chemistry and roughness in both particles and flat 
substrate. They found that the wettability of the flat substrate may 
provide a good representation of the wetting properties of the particle 
trapped at the fluid interface in absence of adsorption barriers. 

Neutron reflectivity (NR) is also a very powerful tool for assessing the 
organization of small particles within complex particle-laden interfaces 
[152]. This is possible because the use of neutrons allows adjusting 
almost at will the optical contrast between the particles and the fluid 
phase, providing information both on the relative position of the parti
cles in relation to the interface and on the chemical composition of the 
particle surfaces exposed to both fluid phases. The need of large-scale 
experimental facilities, together with the need for a complex fitting of 
an optical model to reflectivity profiles, explain the still limited use of 
NR for the study of particle-laden interfaces. 

2.4.3.3. Direct methods for single particles. This type of methods relies on 
the analysis of the relative positions of big particles at the fluid interface 
by optical microscopy observation. This strategy was used by Horvölgyi 
et al. [153] to determine the inmersion depth of particles adsorbed at an 
water/vapor interface sandwiched between two glass slides, which 
makes it possible to obtain directly the contact angle of the particles by a 
simple calculation. A similar approach can be done using a modified 
pendant drop device coupled to an optical microscope [154,155]. In this 
strategy, particles with big dimension settle at the bottom of the drop, 
where they are imaged. The contact angle is determined, by simple 
geometrical considerations using the radius of the protruded spherical 
cap and the total diameter of the particles. The above methodology 
suffers from limitations associated with the optical resolution limit of 
the bright-field microscope used for detection. This limitation may be 
partially overcome by using a fluorescence confocal microscope, in 
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which fluorescence slices are collected with an optical resolution of 
about few hundred nanometers [156]. These slices are combined to 
reconstruct the relative position of particles trapped at the interface, 
which is possible by adding a dye to visualize simultaneously the posi
tion of the interface and the particles. Since the addition of the dye can 
modify the wetting properties of the particles, the procedure is repeated 
at different dye concentrations, and the true contact angle is obtained 
from the extrapolated value of zero concentration. The main advantage 
of this approach is that can it be applied to both hydrophilic and hy
drophobic particles at flat or curves interfaces [157]. A major drawback 
to the use of fluorescence confocal microscope for contact angle 
assessment is the lateral and vertical resolutions of the images. 

An alternative approach used in the determination of the contact 
angle of particles based on fluorescence microscopy relies on the 
exploitation of single-molecule localization microscopy, in particular 
the so-called interface Point Accumulation for Imaging in Nanoscale 
Topography (iPAINT) [158,159]. By labelling with appropiate dyes and 
switching between two different irradiation beams, this method allows 
selective visualization of both the interface and the particles and, 
consequently, direct estimation of flotation heights and contact angles. 

Microscopy techniques often present vertical resolution problems 
that can be partially solved by using digital holographic microscopy 
[86]. In this high spatial and temporal resolution technique, the adsor
bed particle position is monitored by fitting the time evolution of the 
holographic patterns to the Lorenz-Mie model, giving access to dynamic 
measurements of the contact angle aging [86]. On the other hand, digital 
holographic microscopy is limited by poor statistics and the large 
computational effort required to fit the hologram. 

The Bessel beam microscopy (BBM) technique combines high verti
cal resolution and good statistics [123], both of which are essential in 
the determination of the particle flotation height, being used in the 
measurement of the contact angle of particles with sizes ranging from 10 
nm to several microns. 

An alternative to improve the vertical resolution in particle contact 
angle determination is the use of a wide range of interferometric 
methods, which provide information on interfacial distortions or 
thickness of liquid films, helping on the determination of the contact 
angle. A first interferometric method is the film trapping technique 
(FTT) [160], in which the particles are captured in a liquid film with a 
thickness less than the particle diameter. When observed in reflection 
configuration, the formation of a liquid meniscus around the particles 
favours the appearance of several interference fringes. The analysis of 
the reflection pattern, applying Laplace’s equation, allows the recon
struction of the meniscus shape, which provides the value of the contact 
angle with an accuracy of 2-5◦. The main advantage of FTT is that the 
required instrumentation is easily accessible and that its use is not 
limited to hard particles, but is also open to soft particles or oil droplets. 
The possibility of forming the meniscus under the required conditions 
emerges in many cases as the main drawback of FTT. 

Another interferometric technique is the film-calliper method 
[117,161], which takes advantage of the ability of colloids to form stable 
inter-particle liquid bridges, where they adsorb at their equilibrium 
positions. The analysis of the interference pattern of the reflected light 
captured by optical microscopy provides information on the thickness 
profile in the meniscus, which is determined by the particle contact 
angle. 

Although the use of interferometric techniques provides a significant 
improvement in vertical resolution, such techniques are diffraction- 
limited for in-plane measurements and therefore are only applicable 
with micrometer-sized particles. This limitation can be partially over
come by applying imaging methods based in X-ray microscopy. Finally, 
it is worth mentioning that Transmission X-ray imaging can be also used 
to determine the height of the protrusion level of particles (both soft and 
hard) trapped at fluid interfaces [162,163]. 

3. Particle dynamics at the fluid interface 

The interest in understanding how particles trapped at fluid in
terfaces move, i.e., their dynamics and transport properties, has received 
much attention in recent years. Among the different reasons, one can 
include the role of fluid interfaces as models providingimportant in
sights on the behaviour of different chemical and biological systems, and 
the possibility of exploiting the motion of particles to determine the 
mechanical response of interfaces (e.g., their use as probes in micro
rheology experiments) [37,40,91,92]. The motion of particles, both in 
bulk and attached at a fluid interface, is strongly determined by the 
mechanical properties of the surrounding media, in particular, their 
viscoelastic properties, which can be described in terms of the Gener
alized Stokes-Einstein (GSE) relation [164]. 

On the other hand, the high energy commonly associated with par
ticle entrapment at the interface causes the movement of adsorbed 
particles to be strongly hindered in the direction perpendicular to the 
interfacial plane, where only small thermal fluctuations around the 
equilibrium position are possible. Since fluctuations, flows or external 
actuations only induce in the particles, in most cases, motions parallel to 
the interface, they become strongly confined 2D thermal systems 
[165,166]. The current understanding of the dynamics of particles 
confined at bare fluid interfaces is far from being clear. On the one hand, 
these systems present an intricate balance of inter-particle and particle- 
fluid interactions. On the other hand, the motion of the particles is 
determined by the heterogeneous hydrodynamic conditions imposed by 
the interface and the two fluids. 

Some authors stated that the quasi-2D confinement of the adsorbed 
particles leads to an in-plane diffusion coefficient significantly higher 
than the diffusion coefficient in the bulk, probably due to the lower 
viscosity of the interfacial region [166]. On the other hand, other au
thors predict a decrease of the in-plane diffusion coefficient as result of 
the effect of the out-of-plane fluctuations [167] or the layering of the 
fluid surrounding these adsorbed particles [168]. Indeed, it has been 
experimentally proven that the in-plane translational diffusion coeffi
cient is significantly lower than that determined by hydrodynamic 
predictions, due to contact line fluctuations, which lead to contact line 
friction [169]. 

In first approximation, the viscous drag parallel to the interface for 
the trapped particles can be considered as an average value of those 
corresponding to the particles dispersed in each fluid weighted by the 
immersion depth in each of the fluids, i.e., the contact angle θ [37,170], 
and can be defined as 

g = f
(
Ap1,Ap2,Ai, η1, η2, ηs, θ

)
(35)  

in terms of Ap1, Ap2 and Ai, the portions of the particle surface exposed to 
fluid 1 and 2 and the cross-sectional area of the particle at the interface, 
respectively, and η1, η2 and ηs, the viscosity of the fluid 1 and 2, and the 
interface, respectively. It should be noted that since the bare interface 
itself has no viscosity, ηs should only be included in interfaces containing 
surface active species [171,172]. For those cases in which the viscosity 
of the fluid 2 is much smaller than the viscosity of fluid 1 (see Fig. 1) it is 
possible, in principle, to consider only the contribution associated with 
fluid 1 [170]. However, as recently pointed out by Villa et al. [37], 
hydrodynamic models do not allow a complete description of the 
translational viscous drag of adsorbed particles with sizes below few 
micrometers [170,171]. These discrepancies arise from the coupling 
between thermally activated fluctuations of the triple contact line and 
viscous drag [170]. 

A detailed analysis of the translational motion of particles at the fluid 
interfaces evidences the existence of different regimes. At the shortest 
times, the behavior of the fluids is reminiscent from that observed in a 
compressible material. In this regime, in the range between 0 and 0.1 ns, 
the motion of the particles can be described as a sound wave charac
terized by a time ts=R/cs, with cs being the velocity of sound. At longer 
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times, hydrodynamic interactions start to operate, which leads to a 
second dynamic process defined by a characteristic time th of up to 10 ns. 
This second process appears as a transverse momentum that diffuses 
away from the particles, leading to a drag force between the particles. 
Here, the motion can be considered as the diffusion of a transverse 
momentum within the inter-particle distance. In addition to the motion 
associated with the hydrodynamic interactions, the particle motion in
duces a decay of the initial velocity of a colloid as result of the time- 
dependence of the velocity field. This motion appears dependent on 
the diffusion coefficient of the transverse momentum of the fluid. 

Typically, the translational motion of isolated colloids adsorbed at a 
fluid interface over a distance as the particle radius occurs in the time 
range between 1-1000 ms-1. Therefore, the colloidal diffusion can be 
separated from the faster dynamics previously defined, and the long- 
time motion of particles emerges as an uncorrelated Brownian motion. 
A simplified description of the dynamics of particles considers a 
diffusion-controlled motion defined by a characteristic diffusion con
stant, which is given by the Stokes-Einstein relationship 

D =
kBT

g
(36) 

For non-deformable spherical particles dispersed in a bulk fluid, the 
drag coefficient is g = 6πηR. However, the drag coefficient of particles 
trapped at a fluid interface must consider the contribution of the two 
fluid phases, which is determined by the immersion depth of the parti
cles in each fluid phase (contact angle) [173], and the viscous drag 
generated by the activated fluctuations of the triple contact line. How
ever, the above definition does not account for the presence of neighbors 
surrounding each single particle, which leads to the modification of the 
particle dynamics as result of the inter-particle interactions [36,37]. 

Video-microscopy techniques have made it possible to track the 
trajectories of particles trapped at fluid interfaces, and thus to directly 
observe the dynamics of the system. A first approximation to the dy
namics of the monolayer is usually made in terms of the mean square 
displacement, MSD (<Δr2(t)>), defined as 
〈
Δr2(t)

〉
= 2dDtα (37)  

where α is a scale exponent, and d defines the number of degrees of 
freedom of the translational motion, assuming a value of 2 for the 
interfacial motion. At interfaces with low interfacial coverage, the MSD 
dependence on t is commonly linear [36,170]. However, the increase in 
interfacial coverage leads to a more complex dynamics, characterized by 
the dependence of the motions occurring at short and long times leading 
to α ∕= 1. In the shortest time, the motion of each individual particle is 
constrained within the cage defined for its nearest neighbors, which 
drives the system to an arrested dynamics [174]. The presence of inter- 
particle interactions as result of the increase of the surface coverage, ϑ, 
hinders the diffusion of particles in the short-time limit, and 

Ds = lim
t→0

〈Δr2〉

4t
= αD0(1 − μϑ) (38)  

where μ is a dimensionless parameter that introduces the contribution of 
the inter-particle interactions [172]. At longer times, the long-term 
diffusion coefficient, defined as 

Dm = lim
t→∞

〈Δr2〉

4t
(39)  

reflects the collective motion of the particles. The long-time regime is 
determined by the escape dynamics of the particles from the cages 
formed by their closest neighbors, the so-called α-relaxation [175,176]. 

The complexity of the dynamics makes it difficult to obtain an 
analytical expression of the diffusion coefficient. As a first approxima
tion, a model based on an independent Brownian harmonic oscillator 
(BHO) has been applied, where the motion of the particles is described 

by an extended Langevin equation that includes an elastic term [177] 

m
dv
dx

= − gv+F(t) − kx (40)  

where m and v are the mass of a particle and its velocity, respectively, k 
the force constant characteristic of the elastic force acting on the par
ticle, and F(t) is a term accounting for the time-dependent random force. 
For an overdamped motion, in absence of inertia, the mean-square 
displacement is given by [175,176] 
〈
Δr2(t)

〉
= 2dδ2

[
1 − e− D0 t/δ2

]
(41)  

with δ2 = kBT/k. Under this conditions, the dynamics has a characteristic 
time defined as 

tBHO =
δ2

D0
=

g
k

(42) 

The interactions between Brownian particles are generally consid
ered through ad hoc corrections, which introduce the non-exponential 
character of time decay [178] 

〈
Δr2(t)

〉
= 2dδ2

[
1 − e− (D0 t/δ2)

φ ]
(

1+
D0t
δ2

)

(43) 

The introduction of both the stretching exponent φ and the term 
including the escaping dynamics of a single particle from the cage 
defined by its closest neighbors (long time dynamics) allows recovering 
the linear dependence of the MSD with time. It is worth to mention that 
the stretching exponent appears as a fitting parameter with a value less 
than 1, defining the width of the relaxation spectrum. This model is not 
appropriate for describing the motion of particles in very dense, solid- 
like, monolayers. These systems are better described by the Over
damped Bead-Spring model (OBS), which only considers interactions 
involving the closest neighbors [179]: 

m
dvi

dt
= − gvi(t)+Fi(t) − k

∑nn

j

[
uj(t) − ui(t)

]
(44)  

where ui(t) is the displacement of the particle i at time t, and nn provides 
the number of the nearest neighbors to i. In dense monolayers, the 
motion associated with the escape of single particles from the cage 
formed for its closest neighbors appears hindered due to high coverage. 
This causes the increase in MSD at long times, becoming far from linear. 
The long-time solution of the OBS model is 

〈
Δr2(t)

〉
=

2dkBT
kN

∑

b

1
L(qb)

[
1 − e− kL(qb)t/b ] (45) 

Here, the lattice factor L(qb) is defined by 

L(qb) =
∑nn

j

[
1 − cos

(
qxnj

) ]
(46)  

with qb being the bth wave vector of the relaxation mode q, and nj ac
counting for a vector pointing from the point i of the lattice to its closer 
neighbor j. For the long-time limit, the OBS model gives a limiting value, 
determined by both the strength of the harmonic force and the lattice 
factor as 

lim
t→∞

〈
Δr2(t)

〉
(t→∞) =

2dkBT
kN

∑

b

1
L(qb)

(47) 

In the short time limit, the OBS model recovers the MSD time 
dependence predicted by the BHO one in the initial stages. 

The quantitative analysis of the motion of particles at fluid interfaces 
must consider the contribution of different aspects: (i) the mechanical 
properties of the fluid phases; (ii) the mechanical coupling between 
probe and environment, and (iii) the distribution of the probe within the 
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interface [180,181]. The previous factors control the time-scales on 
which the motion of particles trapped at the fluid interface occurs 
[92,182–184], which differs from those involved when particles diffuse 
into the bulk. This is especially important when considering the dy
namics of active particles. The most common approach to describe the 
mean-square displacement of active colloids at interfaces is to include a 
contribution associated with the directed propulsion, giving a mean- 
square displacement defined as [185] 

〈
Δr2(t)

〉
= 4Dt+

V2τ2
R

3

[
2t
τR

+ e− 2t/τR − 1
]

(48)  

where V and τR are the propulsion velocity and the characteristic time of 
the rotational motion. The latter is defined, as 1/DR, by the rotational 
diffusion coefficient DR. In the long-time limit, the expression for the 
mean-square displacement of active colloid can be simplified as 

〈
Δr2(t)

〉
= 4Dt+

V2t
D2

R
(49) 

Both the passive and active motions contribute to an overall effective 
diffusion and the effective active motion arises by reducing DR or 
increasing V. 

4. Inter-particle interactions 

The wealth of the interactions arising from confining particles at 
fluid interfaces is probably one of the most important aspects of the 
physics of 2D colloidal systems. Besides the forces appearing between 
particles suspended in a solvent, the trapping of particles at interfaces 
leads to the emergence of new interactions, which depends on the 
chemical and morphological features of the considered particles and the 
specific physico-chemical properties of the fluid phases conforming the 
interface [10,78,186]. Thus, the particle organization and dynamics 
within the fluid interface results from an intricate balance of interactions 

with different origin [10,27,32,93], which can be roughly defined in 
terms of the difference between the standard values of the chemical 
potential of particles trapped at the fluid interface, μint, and those 
dispersed in the bulk, μb, 

Δμ = μint − μb (50) 

This difference contains the contributions of the different types of 
interactions operating within the particle-laden layers 

Δμ(ϕ, ϑ) = ΔEp + μi(ϕ,ϑ)+ μe(ϕ,ϑ) (51)  

where ΔEp accounts for the trapping energy due to the particle wetta
bility and introduces the contribution of the contact angle to the ener
getic landscape (see Equation (23)), μe accounts for the unfavorable 
entropic contribution associated with the reduction of the translational 
degrees of freedom of the particlesdue to the trapping at the interface, 
and μi all the interactions operating between particles within the in
terfaces, e.g., van der Waals, electrostatic, capillary, density fluctuations 
or hydrophobic ones. These inter-particle interactions emerge from the 
particle coupling, which depend strongly on the inter-particle distance, 
and are determined by the interfacial coverage ϑ and the volume frac
tion of particles in the bulk ϕ. Fig. 8 presents a sketch with the most 
common types of interactions that appear between particles at particle- 
laden fluid interfaces. 

Any discussion of the interactions operating in particle-laden in
terfaces requires to consider the differences arising from the existence of 
the interface acting as a confining environment in relation to that what 
occurs in their 3D counterpart systems. The presence of the interface 
makes it necessary to consider the particles as objects attached to a 
fluctuating surface that separates two continuous fluids with different 
physico-chemical properties. Furthermore, the behavior of the system 
depends on specific characteristics of the attached particles, e.g., parti
cle size and shape; charge density and wettability, or surface chemistry 
[10,27,61,78,93]. 

Fig. 8. The sketch shows an idealized picture of different types of inter-particle interactions that can emerge in particle-laden fluid interfaces: (a) Repulsive dipolar 
and Coulombic, van der Waals and capillary attractive interaction, (b) attractive hydrophobic forces and steric repulsions, and (c) solvation-mediated interactions. 
Adapted from Maestro et al. [27], Copyright (2019), with permission from Elsevier. 
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It should be noted that the above discussed inter-particle interactions 
(sketched in Fig. 8) occurring in particle-laden fluid interfaces can be 
rationalized in terms of three main contributions to μi. The first one 
accounts for the direct interactions between particles, e.g. electrostatic, 
hydrophobic and van der Waals, which are determined by the specific 
characteristics of the particles [27]. Although this type of interactions 
also appears in bulk systems, they are strongly modified by the presence 
of the interface. The second type of interactions emerges as result of the 
confining role played by the interface, e.g., capillary interactions. The 
last type of interactions emerges upon the presence of external fields 
acting on individual objects or ensembles of them. 

Currently, there are different methodologies for measuring the 
interaction potentials arising in particle-laden interface. The use of 
passive methods, such as video-microscopy, provides information about 
the averaged potential, in diluted monolayers, through the analysis of 
the pair correlation functions [187,188]. Active methods, some of them 
based on the use of magnetic particles, allow one a quantitative char
acterization of the attractive capillary forces, even in conditions far from 
the equilibrium [189,190]. 

However, the most popular approach to assessing particle-particle 
interactions is their direct measurement using optical tweezers 
[189,191,192]. In a typical experiment, two particles adsorbed at the 
interface and located at a long separation distance are simultaneously 
trapped by using optical traps with a well-controlled stiffness. Then, one 
of the particles is moved towards the second particle, while monitoring 
the change of position of the stationary particle as a consequence of the 
approach of the second particle, and measuring the force experienced by 
the particles at the different values of the inter-particle separation. Most 
recent devices allow one to trap several particles, thus allowing one to 
explore many particle effects. 

4.1. Direct interactions 

The current knowledge of direct interactions remains poor due to the 
difficulties associated with the quantitative analysis of the different 
repulsive and attractive contributions, which in many cases include 
many-body interactions [189]. 

4.1.1. Van der Waals interactions 
The van der Waals, London-van der Waals or dispersion forces are 

ubiquitous in chemical systems, and appear as result of the interaction 
between the individual components of the particles [18,35,193]. How
ever, their introduction into the energetic landscape of particle-laden 
interfaces is less straightforward than when considering the in
teractions of particles dispersed in a bulk fluid. An approximate treat
ment makes it necessary to introduce an effective Hamaker constant, H, 
that depends on the fractional height of the particle immersed in the 
fluid 2, i.e., the volume fraction of particle immersed in the fluid 2 [f=(1- 
cosθ)/2] [10,16,93,194], 

H = HP1 + f 2(3 − 2f )(HP2 − HP1) (52)  

where HP1 and HP2 are the Hamaker constants of the particles across 
fluid 1 and fluid 2, respectively. This results in a situation in which the 
strength of van der Waals interactions will depend on f, i.e., the particle 
wettability and the relative values of HP1 and HP2. The use of an effective 
Hamaker constant accounts for the differences in inter-particle in
teractions between particles dispersed in a bulk fluid and those trapped 
at a fluid interface to be introduced into the energetic balance. Thus, the 
average van der Waals interaction between a pair of particles trapped at 
an arbitrary fluid interface is given by the following expression 

EvdW = −
H
12

(
2R

r − 2R

)

(53)  

where r is the separation distance between the centers of two adjacent 
particles. Van der Waals interactions between particles adsorbed at a 

fluid interface appear to be similar to the interaction potential ac
counting for the growth of anisotropic particle domains as result of an 
asymmetrical distribution of the interactions within the interface 
[195–197]. It should be emphasized that van der Waals interactions 
between two identical objects are always attractive, and may lead to the 
irreversible aggregation of particles, unless other interactions coun
teract them. On the other side, van der Waals interactions between 
bodies with different chemical nature can be either attractive or repul
sive [198]. 

Even when the van der Waals interactions in particle-laden interface 
are always stronger than those found when the particles are completely 
immersed in one of the fluid phases [10,35], their impact in the ener
getic landscape of particle-laden interactions is often negligible (0.1- 
1kBT) [10], and their role is only important when the particles are 
located in close proximity to each other. At particle-laden interfaces, due 
to strength of the repulsive contributions, this is not the most common 
situation. 

4.1.2. Electrostatic interactions 
When charged particles are present, electrostatic interactions are a 

very important contribution to the energetic landscape of particle-laden 
fluid interfaces. Despite the electrostatic interactions also appears be
tween charged particles dispersed in a bulk fluid, their contribution for 
particle-laden interactions presents a much longer range than that of the 
screened Coulomb interactions in bulk [82]. Therefore, the electrostatic 
contribution to the energetic landscape of particle-laden interface re
sults from the combination of a short-range interaction, similar to that 
for particles suspended in a bulk fluid. The involves the part of the 
particles submerged in the polar phase, and is associated with a screened 
coulombic repulsion between the double layers of the colloidal particles, 
and long-range attractive dipole-dipole interaction, dues to the 
confinement of the particles at the interface and is strongly dependent 
on the chemical nature of such phases (dielectric constant) 
[43,193–197,199]. Thus, the overall electrostatic potential between 
particles separated a distance r can be calculated by simultaneously 
solving the Poisson–Boltzmann equation in the polar phase and the 
Laplace equation in the non-polar phase, under conditions in which the 
Derjaguin approximation is satisfied and the overlapping of the double 
layers can be considered negligible [191,200] 

Eelectrostatic =
a1kBT

3r
e− κr +

a2kBT
r3 (54) 

Here, κ is the inverse Debye screening length, and a1 and a2 are pre- 
factors that weight the relative importance of the contributions of the 
screened Coulomb potential and the dipolar interaction, respectively. 
For inter-particle distances long enough,κr >> 10, the contribution of 
the screened Coulomb interaction can be neglected, and the dipolar 
component becomes the main contribution to the electrostatic interac
tion [200]. 

It was stated above that the distribution of the electrostatic in
teractions across the interface is not symmetrically distributed, i.e., the 
presence of the interfacial plane is associated with an asymmetry in 
electrostatic interactions [82]. If a water/non-polar fluid interface is 
considered, the dipolar interaction occurs between the dipoles formed 
by the dissociated groups on the surface of the particles and the disso
ciated counterions existing in the bulk, for the portion of particles 
immersed in water, and the surface charges and their image charges 
appearing in the water for the portion of particles immersed in the oil 
phase [10]. Therefore, the dipolar contribution is strongly influenced by 
the position of the particles relative to the interfacial plane, i.e., the 
wetting properties of the particles, but also by the dielectric constants, 
and the degree of screening in the aqueous phase (e.g., the ionic 
strength). For a particle that is transported from the aqueous continuous 
phase to a fluid interface, the interaction across the aqueous phase does 
not undergo any significant modification. On the other side, in the part 
of the particles immersed in the non-polar phase the neutralization of 
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the surface groups is energetically favored, which results in the emer
gence of an asymmetric double layer. This plays a very important role in 
the control of the interactions across the interface because it is known 
that the interactions between surfaces having the same charge always 
appears as repulsive, whereas the interactions between surfaces with 
different charges depend on their relative separation, and may be 
attractive or repulsive [18]. Hence, the overall interaction between 
particles trapped at a fluid interface can be modified by changing 
different parameters, e.g., the volume fraction of particle immersed in 
each fluid, or the ionic strength [201]. 

4.1.3. Hydrophobic interactions 
The necessity to minimize the unfavorable contacts between hy

drophobic surfaces and water leads to an important attractive hydro
phobic interaction between the surfaces. Since there are no systematic 
studies dealing with this type of interactions at particle-laden interfaces, 
their theoretical description remains an open challenge. Hydrophobic 
interactions are highly dependent on the molecular details of the par
ticles and fluid phases, and their strength increases with decreasing 
particle size. This can be understood by taking into account that the 
molecular details of the continuous phases and the interface introduce a 
contribution to the energetic landscape that increases as the character
istic length scale of the particle decreases [132,202]. 

4.1.4. Steric interactions 
The addition of different species is often used to increase the stability 

of colloidal particles [108]. These additives, in particular polymers, 
form a capping shell that decorates the surface of the particles and 
creates an osmotic pressure on the confinement experienced when two 
particles approach each other [198]. The formation of a capping shell 
occurs either by a chemical grafting of the molecules to the particle 
surface, through covalent or hydrogen bonds, or by a direct adsorption 
mediated through physical interactions. The configuration and structure 
of the formed shell are governed by the coverage and the quality of the 
solvent, so that changes in the medium allow for the modulation of the 
interaction between the particles [93]. Due to the unfavorable entropic 
contribution due to the compression of the solvated chains, the steric 
interactions are always repulsive. Besides, the osmotic pressure that 
emerges in the region where the capping shells overlap leads to a 
minimization of the aggregation phenomena [198]. Using the Derjaguin 
approximation, this energy contribution can be described as follows 

Esteric = RL2σ3/2
(

2L
r − 2R

)1/4

(55)  

where L and σ represent the effective length of steric repulsions and the 

maximum brush length, respectively. It is worth mentioning that the 
brush of the particles trapped at a fluid interface becomes asymmetric, 
so the value of L cannot be homogeneously defined. The steric repulsions 
present a big interest in the design of tunable particle-laden interfaces, 
with structures that can be easily adjusted by changing the organization 
of the capping shell [93]. 

4.2. Interactions mediated by the presence of the interface 

4.2.1. Capillary interactions 
Capillary interactions are probably the most important contribution 

to the energy landscape among those that only arise under particle 
confinement [203]. These interactions are promoted by the interface 
deformations resulting from particle adsorption at the fluid interface 
[44,204]. Fig. 9 presents a schematic representation of the different 
types of capillary forces that arise between particles trapped at a fluid 
interface. 

The strength of the capillary interactions in particle-laden interfaces 
is strongly dependent on the particle properties. When the adsorbed 
particles are large enough, the gravity induces a significant deformation 
of the interface, which, in turn, leads to the appearence of the flotation 
forces. These forces depend on the shape, buoyancy, and wetting 
properties of the particles, and favor their approach or separation. The 
importance of the flotation forces significantly diminishes when the size 
of the trapped particles is reduced, becoming negligible for particles 
with sizes smaller than the capillary length of the fluid interface 
(lc=Δρg/γ12, where Δρ is the density difference between the two fluid 
phases) [191]. From a practical point of view, their impact on the en
ergetic landscape of a particle-laden fluid interface can be considered 
negligible for particles smaller than 5-10 μm, with a Eötvös number not 
much less than 1 [see Equation (24)]. In this range, the weight of the 
particles is too low to induce a significant deformation of the fluid 
interface, and the lateral flotation forces become smaller or comparable 
to the thermal energy kBT. In systems where the flotation forces 
contribute substantially to the total energy, the interactions are attrac
tive when the interfacial deformations induced by the two neighboring 
particles present the same orientation (both menisci are concave or 
convex), whereas they are repulsive when particles induce deformations 
with opposite curvatures [186,205]. 

As above mentioned, the effect of the lateral flotation forces 
emerging at a liquid interface laden with small micro-particles can be 
considered almost negligible. However, this does not mean that this type 
of capillary forces does not influence the energy of the particle-laden 
interface [205]. [186]. The fluid interface maintains its shape upon 
the adsorption of the particles, and their position, in relation to the 

Fig. 9. Scheme showing the different types of capillary forces that can appear between particles trapped at a fluid interface. Reprinted from Kralchevsky et al. [203], 
Copyright (2001), with permission from American Chemical Society. 
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interfacial plane, is mainly defined by the wetting properties of the 
particles [206]. However, their adsorption can lead to local de
formations of the fluid interface around the particles, thus leading to 
long-range capillary immersion forces. Roughness and/or chemical 
heterogeneities on the surface of the adsorbed particles surface promote 
the formation of a non-smooth, wavy or irregularly shaped, three phase 
contact lines, deformed enough to promote strong capillary interactions 
[10,40,207]. 

The capillary interaction between two identical neighboring spher
ical colloids can be expressed through an effective potential [207] 

Ecapillary(R) = − 12πγ12Κ2ζ
r4

R4 (56)  

where ζ is a factor that defines the dependence of the capillary inter
action on the particle orientation and K a function accounting for the 
deformation amplitude of the interface. 

The deformation of the interface, and thus the strength and dominant 
mode of capillary forces, can be modified by the application of electric or 
magnetic fields [208], or the addition of different additives (salts, sur
factants, or polymers), that allow fine-tuning of particle wettability and 
interfacial tensions. The adsorption of charged colloids at a fluid inter
face between non-polar and polar fluids promotes extra interfacial de
formations. These deformations are produced by the vertical interfacial 
electric force directed towards the fluid with higher dielectric constant, 
resulting from the combination of any external vertical force acting on 
the colloid and an inhomogeneous stress field. The latter presents 
different components of the above and below the fluid interface, which 
are induced by the electric dipolar field of the particles, and can be 
described in terms of the Maxwell pressure tensor [10]. These conditions 
lead to the electrodipping and electrocapillary forces that involve mul
tiple or single particles, respectively [18,205]. It should be noted that 
electrocapillary and electrodipping forces can induce interfacial de
formations that are often comparable to those resulting from the action 
of gravity on interfaces laden with large particles [78]. 

When the capillary interactions engage a larger number of particles, 
they can induce self-assembly through the so-called “Cheerios” effect, 
similar to that what is observed in cereal bowls [88]. Therefore, the 
control of capillary interactions, by adjusting the shape or wetting 
properties of the particles, can be used in the fabrication of complex 
interfacial structures [188]. If the apparent weight of the adsorbed 
species becomes larger than the interfacial forces, which is often the case 
of monolayers with a high interfacial coverage, the collective effects 
may modify the simple pairwise interactions, determining the defor
mation of the surrounding interface. This affects the organization of 
particles at the interface such that the entire aggregate sinks to the 
heavier phase (“collective sinking mechanism”) [192,209]. 

4.2.2. Hydrodynamic interactions 
Capillary forces are not the only contribution to the energetic land

scape emerging in particle-laden fluid interfaces appearing as result of 
the presence of the interface, with the hydrodynamic interactions, 
stimulated by the motion of the particles through the viscous media, 
being strongly distorted by the particle adsorption. The adsorbed par
ticles move in an overdamped regime, in which the applied forces and 
torques are constantly balanced by their viscous counterparts. The flow 
generated by the random or directed motion of the adsorbed particles, 
which can be modified by the possible presence of other particles or 
objects and surfaces, transports energy through the two media and can 
be described by the linearised Stokes equations. Therefore, apart from 
other possible direct interactions, the particles always exhibit solvent- 
mediated forces which, unlike the interactions described above, 
cannot be described by a potential. Complex and indirect hydrodynamic 
interactions have a tensor character, as they are strongly determined by 
the shape, orientation and relative velocity of the agents involved. 

These interface-mediated hydrodynamic interactions control the 

steering of swimmers along defined trajectories [210], their attraction 
towards the interface [211], the circular path found in the motion of 
Escherichia coli [212], can be exploited on the transport of cargos along 
fluid interfaces [9], or the rectification of rotation into translational 
motion [213], where the local flow induced by the slip boundary con
dition imposed by the liquid-air interface differed from the one gener
ated by the stick boundary condition characteristic of a solid wall. On 
the other hand, the balance between attractive interactions and hydro
dynamic repulsive interactions emerging between rotating disks, 
floating at a liquid/air interface, leads to the assembly of dynamic lat
tices [214]. The relative importance of the hydrodynamic interactions is 
given by the capillary number 

Ca =
ηvp

γ12
(57)  

where vp is the particle velocity. It is commonly accepted that for Ca < 1, 
the role of the hydrodynamics interactions may be neglected [40,208]. 

4.3. Externally actuated interactions 

The adsorption of particles at a fluid interface is associated with a 
restriction of their mobility with respect to the interfacial plane. How
ever, in-plane mobility is not limited, and in principle particles are free 
to move within the interfacial plane [215]. This motion can be boosted 
by the mechanical deformation of the interface, which can induce 
changes on the interfacial area (dilatational deformations) or shape 
(shear deformations). So, these perturbations can be exploited in the 
control of the interfacial assembly or the modulation of 2D phase tran
sitions, which allows to adjust almost at will different mechanical, op
tical or electronic properties [104,216,217]. The application of 
magnetic or electric fields leads to similar effects when considering as
semblies of responsive particles and is also a very powerful tool for 
tuning the assembly of colloids at fluid interfaces [7,208,218]. When 
adsorbed particles respond appreciably to the application of a magnetic 
field, while dispersive fluids do not show a strong response, the presence 
of the interface has essentially no effect on the nature of the magnetic 
interaction between the particles. However, the mobility constraints 
imposed by the high adsorption energy force the particles to restrict 
their motion to the adsorption plane. Consequently, the angle of appli
cation of the external field becomes a fundamental parameter deter
mining the response of the particle monolayer. Alternatively, the 
applied field can be used only to force the rotation of the particles along 
the axes parallel to the confining surface, which is strongly hampered by 
the occurrence of interfacial pairs. The induced rotation can be used to 
change the extent and nature of capillary interactions at will [10,97]. 

An alternative way to modulate the interactions between particles, 
and thus the organization of particle assemblies at fluid interfaces, is by 
modifying the environmental conditions (pH, temperature or ionic 
strength). For example, changing environmental conditions has proven 
to be a very powerful tool for controlling the assembly of microgel 
particles at fluid interfaces [35,75,182]. 

5. Chemically isotropic particles at fluid interfaces 

As developed previously, the surface chemistry of particles in
fluences the self-assembly of particles at the fluid interfaces [75]. This 
results from the specific wetting properties of the particles [117], the 
shape of the contact line and/or the inter-particle interactions operating 
between the adsorbed particles [219]. In particular, chemical hetero
geneities on the particle surface can lead to an undulated contact line. 
Furthermore, the presence of surface charges on the particles may 
modify the electrostatic and capillary contributions to the inter-particle 
interactions [219], and consequently the self-assembly of particles at the 
fluid interfaces. Therefore, the importance of the surface chemistry on 
the control of the properties of particle-laden fluid interfaces makes 
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necessary to distinguish between at least three different situations: (i) 
chemically isotropic particles; (ii) particles capped with ligands, and (iii) 
chemically anisotropic particles. This section focuses on the interfacial 
behavior of chemically isotropic particles. 

5.1. Hard particles at fluid interfaces 

Colloidal hard particles are a category including a broad range of 
particles with different chemical nature (polymeric, metallic, metal 
oxide compounds or ceramic), which present as main characteristic that 
their maximum deformation upon trapping at the interface remains on a 
length scale much smaller than their diameter, and hence they behave at 
the interface as solid-impenetrable objects for neighboring particles. 
This property determines the maximum packing that these particles can 
achieve at the fluid interface. 

5.1.1. Spherical particles 
The equilibrium trapping of chemically isotropic spherical particles 

at fluid interfaces is characterized by the existence of a single energy 
minimum, determined by the interfacial tension, particle size and con
tact angle, which also rule on the organization and properties of the 
adsorbed assemblies. 

5.1.1.1. Interfacial organization. The understanding of the organization 
and self-assembly of colloidal particles at fluid interfaces requires to 
consider both the distribution of the particles within the quasi-2D fluid 
interface, and the position of the particles with respect to the interfacial 
plane, i.e., contact angle of the particles or immersion height. Both as
pects are strongly correlated to the complex interactions that occur 
between particles both through the bulk and the fluid interface [220]. 
For instance, Zang et al. [221] reported that the change in the wetta
bility of the adsorbed nanoparticles allows tuning the packing of the 
structures formed at the fluid interface, and consequently the interfacial 
morphology, in agreement with studies by different authors [64,80]. In a 
different work, the increase of the hydrophobicity of particles was 
described as the driving force for to a transition from loose-packed to 
close-packed arrays of particles [61], which appears strongly correlated 
to the complex interplay of interactions occurring between particles 
both in the bulk and upon trapping at the fluid interface [220]. 

Bonales et al. [222] studied the self-assembly of polystyrene sulfate 
latex particles, with a broad range of diameters (in the range 1.0-5.7 μm) 
at water/oil interfaces (in particular at water/octane interfaces). They 
found that the increase of the interfacial coverage drove the emergence 
of transitions between phases with different degree of ordering as was 
also found for nanoparticles [221]. It should be noted that the transi
tions between the different phases were not find independent of the 
particle dimensions, and only a shift of the critical density for the onset 
on a specific phase was observed with the change of the particle size. 
These finding were in accordance with the results obtained by Parolini et 
al [223] in a similar work. Fig. 10 reports a set of optical microscopy 
images corresponding to polystyrene sulfate latex particles 

microparticles of different sizes trapped at the water/octane interface, at 
different surface densities, together with the corresponding Fast Fourier 
Transform (FFT) of the images. 

The images obtained using an optical microscope shows that the 
increase of the density of the particles trapped at the fluid interface 
enhances the order within the monolayer, in such a way that should be 
considered as reminiscent to that what happens in traditional 3D sys
tems. The increase of the interfacial order is also reflected in the FFT 
images (see insets in the optical microscope images). The fluid phases, 
both gas-like and liquid-like films, are characterized by a random dis
tribution of points in the FFT images. The hexatic phase, and more 
clearly the solid one, shows the formation of well-defined hexagonal 
arrays of dots in the FFT images as the monolayer density increases. The 
authors obtained further information related to the organization of the 
particles at the fluid interface by calculating the structure factor. Thus, 
at low interfacial coverage, the gas-like character of the monolayer was 
evidenced from an initial increase of the value of the structural factor 
from 0 to 1, followed for a region of constant value. The increase of the 
interfacial coverage pushes the monolayers to the onset on the liquid- 
like phase. This presents a structure factor characterized for the pres
ence of a few oscillations which undergo an exponential damping with 
the increase of the separation between particles. This may be considered 
the result of the weakening of the positional order with the increase of 
the separation between particles. Therefore, the gas-like and liquid-like 
monolayers are characterized by the absence of orientational and posi
tional order. The order in hexagonal 2D solid is evidenced by the pres
ence of a narrow and intense peaks followed by another set of peaks, 
which appears at the position expected for a hexagonal array. The 
hexagonal 2D arrays present positional and orientational orders. On the 
other side, the hexatic phase presents only orientational order, appear
ing as an intermediate state between a liquid-like system and a perfectly 
order solid-like one as is predicted for the KTHNY theory [224]. Bonales 
et al. [225] also explored the interfacial organization of mixtures 
monolayers composed of particles having different sizes. They found 
that independently of the size difference between the particles the in
clusion of particles of different size promotes disorder, and the stoichi
ometry in the mixture determines the emergence of arrested glassy states 
or polycrystalline regions, leading to an interfacial organization which 
appears as intermediate between those what correspond to each indi
vidual set of particles. 

Rahman et al. [226] analyzed the possible correlations existing be
tween the inter-particle interactions and the different phases emerging 
in particle-laden interfaces as the coverage increases. They found that 
the order at the interface is dependent on the strength of the in
teractions. Weakly repulsive or strongly attractive interactions promote 
the formation of disordered phases, whereas the emergence of a strong 
repulsion between the particles at the interface is associated with the 
formation of a highly ordered hexagonal array. The formation of the 
hexatic phase occurs when the repulsive and attractive forces are 
counter-balanced. 

The important role of the interactions in the organization of particles 

Fig. 10. Images and FFT images for charged polystyrene sulfate latex microparticles trapped at the water/octane interface. From left to right: microparticles with 
diameter of 2.9 μm; microparticles with diameter of 5.7 μm; microparticles with diameter of 1.6 μm, and microparticles with diameter of 1.0 μm. Adapted from 
Bonales et al. [222], Copyright (2011), with permission from American Chemical Society. 
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at fluid interfaces was also revealed by the results obtained by Reynaert 
et al. [227]. They found that the modulation of the electrostatic and 
capillary interactions, by adding electrolyte or surfactant, may induce 
the aggregation or percolation of perfectly ordered monolayers formed 
by polystyrene sulfonate latex microparticles adsorbed at the water/ 
decane interface. Thus, under conditions characterized by strong 
capillary and/or hydrodynamics interactions, percolation can occur, 
resulting in the formation of networks formed by particles formin chains 
that span the boundaries of the interface [130]. The emergence of 
percolation in particle-laden interfaces offers a very interesting tool for 
modulating the mechanical resistance of the film [228]. 

5.1.1.2. Interfacial rheology. The adsorption of particles to fluid in
terfaces is widely used in the design and optimization of new materials 
and technological processes [65,70,183,229], e.g., phase transfer 
catalysis, encapsulation, enhanced oil recovery or emulsification and 
foaming [230]. In particular, these systems can be introduced to control 
the thicknesses of films in coating flows [231,232], the dispersion of 
surface waves [30,233], the dynamics and thicknesses of spreading films 
[113,234] and the lifetime of foams and emulsions [235–237]. The 
latter occurs because the adsorbed particles induce an additional ener
getic barrier to the coalescence of droplets and bubbles, due to elec
trostatic or steric repulsions, which slow or stop the thinning of liquid 
films. [238]. These processes are also governed by the dynamics of the 
system, since the particles advected by film thinning introduce gradients 
(Marangoni stresses) that oppose film drainage [239]. On the other 
hand, particles trapped at fluid interfaces can induce excess surface 
viscosity, elasticity or viscoelasticity that delays or modifies the film 
thinning [235]. Therefore, the understanding of the mechanisms 
involved in the relaxation of particle-laden interfaces after a mechanical 
deformation is a problem with a marked multidisciplinary character 
[240–242]. In this framework, interfacial rheology explores the defor
mation and flow that occur at interfaces when mechanical perturbations 
are applied to them. 

The interfacial response of particle-laden fluid interfaces is charac
terized by the surface pressure, which is opposed to the surface tension 
and contributes to the in-plane deformations of the interfacial plane, 
dilations that cause changes in the material area, and shear stresses that 
induce changes in shape, generated by the coupling between the flows 
occurring at the interface and those of the bulk. On the other hand, 
under specific stress conditions, complex fluid interfaces exhibit out-of- 
plane deformations that push the monolayers or parts of the monolayers 
out of the interfacial plane (splaying or bending), inducing phenomena 
such as buckling of the monolayer, expulsion of material into the bulk or 
the formation of multilayers. Fig. 11 displays an idealized image of the 
different types of deformation that a particle-laden interface can un
dergo as result of the application of a mechanical stress. 

The study of the rheological response of a particle-loaded interface 

requires consideration of the role of thermodynamic and hydrodynamic 
interactions between the particles and the surrounding fluids. The so
lution to this complex problem is only straightforward when the me
chanical response of the bulk fluids is decoupled from that of the 
interface, i.e., when the mechanical response of the fluid phases is 
negligible with respect to that corresponding to the interfacial layer 
[235,243]. If the above condition is fulfilled, the deformation of a 
particle-loaded fluid interface can be considered the result of two con
current processes that govern the mechanical properties of the interface: 
(i) the change of the size and/or shape of the fluid interfaces, and (ii) the 
deformation of the interfacial layer. Hence, the energy input required for 
the interfacial deformation can be expressed as 

σij = γδij +Τij (57)  

where δij is the Kronecker delta and σij the interfacial stress tensor, that is 
comprised by two contributions: (i) the interfacial energy, which is 
related to the energetic cost of the existence of a fluid interface with a 
fixed area. This contribution also includes any adsorption/desorption 
phenomena, that modify the interfacial tension, and (ii) the Marangoni 
stresses resulting from the existence of spatial surface tension gradients. 
The second contribution, the so-called anisotropic tensor (Τij), includes 
the energetic cost associated with the deformation of the particle layer 
[2,244]. 

5.1.1.2.1. Interfacial dilational rheology. The trapping of particles at 
fluid interfaces does not influence only to the interfacial tension, but also 
leads to an increase of the resistance to compression that is characterized 
by the interfacial dilational viscoelastic modulus ε [27]. This magnitude 
provides information on changes in surface tension as a result of the 
modification of the area available for the distribution of the particles, 
which can be determined from the temporal evolution of the surface 
pressure δΠ(t) as result of the change of the interfacial area δA(t) upon 
the application of an uniaxial stress [245] 

δΠ(t) = Π(t) − Π0 =
∂Π
∂A

δA = − ε(t)u(t) (58) 

Here, u(t) and ε(t) are the temporal evolution of the compressional 
strain and dilational viscoelastic modulus, respectively, and Π(t) and 
Π0 the temporal evolution of the surface pressure and the initial surface 
pressure, respectively. The time dependence of the viscoelastic dila
tional modulus is given by 

ε(t) = − A0

(
∂Π
∂A

)

T
(59)  

and that of the compression strain by 

u(t) =
δA
A0

(60) 

Fig. 11. Idealized representation of the different types of 
deformation that can appear at particle-laden interfaces as 
result of the application of a mechanical stress. (a) Equilibrium 
particle-laden interface characterized by its values of surface 
tension γ and surface pressure Π. (b) Particle-laden interface 
subjected to dilational (left panel) and shear (right panel) 
deformations, characterized by surface dilational elasticity ε’ 
and viscosity κ, and shear elasticity G’ and viscosity ηS, 
respectively. (c) Particle-laden interfaces subjected to out-of- 
plane deformations (from top to bottom): buckling (charac
terized by the bending elasticity κb), expulsion of material to 
the bulk, and multilayer formation. Adapted from Garbin [26], 
Copyright (2019), with permission from Elsevier.   
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Considering a fluid layer under equilibrium condition, the limit value 
of the dynamic modulus at zero frequency can be defined as the static 
modulus in terms of the Gibbs elasticity ε0 as 

ε(t)→ε0 = Γ
(

∂Π
∂Γ

)

eq
(61)  

where Γ=1/A is the interfacial concentration. For an oscillatory defor
mation of small-amplitude and characteristic frequency ω, the complex 
dilational viscoelastic modulus is defined as 

ε(ω) = ε(́ω)+ iωκ(ω) (62)  

where the real part ε’(ω) is the storage modulus or interfacial dilational 
elasticity and the imaginary part ε”(ω) = ωκ(ω) the loss modulus. Here, κ 
represents the surface dilational viscosity. The above definition of the 
viscoelastic interfacial dilational modulus considers that the stress 
associated with the interfacial deformation can change both the 
adsorption state of the particles and the interfacial structure. Under 
these conditions, the modification of the interfacial area can promote 
other different relaxation processes, with different characteristic time- 
scales [36,229,246,247]. 

One of the first attempts to shed light on the response of particle- 
laden fluid interfaces to dilational deformations was made by Miller 
et al. [247]. They provided a theoretical description for the relaxation 
mechanisms emerging in particle-laden interfaces upon the application 
of a dilational stress following a similar approach to that was previously 
reported for the description of the dilational rheology of proteins and 
proteins–surfactant systems [65,248]. This allows describing the dila
tional response of particle-laden interfaces in terms of the information 
provided by the adsorption isotherms. Despite the interest in obtaining 
models that combine equilibrium information with dynamic one, the 
above model was not further extended, mainly because of the difficulties 
associated with determining a true equilibrium isotherm. 

The particle wettability is probably the most important parameter for 
defining the trapping of particles at fluid interface, and hence the con
tact angle of the particles may modify decisively the performance of 
particle-laden interface against dilational stresses as was demonstrated 
by Safouane et al. [249]. They studied the rheological response against 
dilation of monolayers of fumed silica nanoparticles at the water/vapor 
interface using measurements of the damping of capillary waves in the 
frequency range 200–1000 Hz), and found the existence of important 
correlations between the interfacial morphology and the interfacial 
rheological response. The elastic component of the dilational visco
elastic modulus was found to increase with the particle hydrophobicity 
and the interfacial coverage, whereas the loss modulus remained almost. 
This leads to a situation in which the compressibility modulus of hy
drophilic particles trapped at the water/vapor interface emerges close to 
0, increasing its value up to values close to 200 mN/m with the increase 
of the hydrophobicity of the particles. This rigidification mediated for 
the particle hydrophobicity may be understood considering a densifi
cation of the interfacial layer coupled to the strengthening of in
teractions between the particles at the interface [250]. Kirby et al. [251] 
showed that the inter-particle interactions play a very important role on 
the control of the interfacial mechanical response. They found that the 
screening of the electrostatic repulsion between particles leads to a 
strong hysteresis on the dilational response of the particle-laden inter
face, which may be explained considering the formation of rigid 
incompressible films at the interface mediated for the aggregation of the 
particles. 

Safouane et al. [249] also found that the storage modulus appears 
always higher than the loss one, irrespectively of the particle hydro
phobicity and the interfacial coverage. Zang et al. [252] enlarged the 
frequency range explored by Safouane et al. [249], including data cor
responding to the low frequency range. This study provides information 
on the relaxation processes emerging at the interface as result of the 

application of the dilational stress. Thus, it was found that the reorga
nization of the particles at the interface leads to a relaxation process 
with a characteristic time of about 1000 s. The importance of this 
relaxation process was found to increase as the particle hydrophobicity 
decreases, which may be understood considering the reduction of the 
interfacial coverage, and hence the reduction of the steric hindrance 
associated with the reorganization of the particles at the interface which 
favors the motion of particles at the interface. 

The response against dilation of particle-laden interface formed by 
polymer particles presents some differences with the above discussed for 
silica nanoparticles as it was reported by Kobayashi and Kawaguchi 
[253]. These differences may be ascribed to the partial deformability of 
the polymer particles. Kobayashi and Kawaguchi [253] showed that the 
dilational response of latex particles at the water/vapor interface pre
sented a mostly viscoelastic character, independently of the strain rate. 
Furthermore, the elastic and viscous dilational moduli undergo an in
crease with the interfacial coverage up to reach a critical value at a 
surface pressure of about 15 mN/m, and then both start to decrease 
steeply. This may be explained considering the emergence of out-of- 
plane deformations (buckling) of the monolayer upon the application 
of the dilational stress, which leads to a distortion of the quasi-2D or
ganization of the particle-laden interface. Analyzing the frequency de
pendences of the viscoelastic moduli, it was possible to observe the 
emergence of a transition from a fluid-like behavior to a solid-one as the 
interfacial packing density increases, which agrees with the structural 
picture extracted from the studies by Bonales et al. [222]. Therefore, the 
dilational rheological response may be considered strongly dependent 
on the specific region of the phase diagram analyzed [222,253,254]. It is 
worth to stress that the rigidity of spread layers appears in most of the 
cases higher than that obtained for particle-laden interfaces with the 
same interfacial density obtained upon compression of the area. This 
may be the results of the emergence of non-equilibrium arrested states 
which add some additional relaxation process to the response of the 
particle-laden interface against dilational stresses [252]. 

The understanding of the interfacial organization-rheological 
response correlations in particle-laden interfaces were further 
explored by del Rio et al. [255], confirming the importance of the nature 
of the monolayer, i.e., its phase, on the control of the dilational visco
elastic modulus of particle-laden interface. Furthermore, their results 
confirmed the finding by Safouane et al. [249] in relation to the mainly 
elastic character of the monolayers, i.e., the storage modulus appears 
higher than the loss one. The storage modulus was found to increase 
with the interfacial coverage within the region of low surface pressure of 
the isotherm, whereas the loss modulus appears similar to that expected 
for the pristine water/vapor interface. This results from the contribution 
of the electrostatic repulsion between the particles trapped at the fluid 
interface. Furthermore, when the interfacial coverage is pushed beyond 
a threshold value, the storage modulus undergoes a sharp increase up to 
a value close to 350 mN/m, which can be explained considering the 
formation of a close-packed particle film at the interface, as was evi
denced by using Brewster Angle Microscopy (BAM). It is worth 
mentioning that the screening of the electrostatic interaction, i.e., in 
presence of weak repulsive electrostatic interactions, the storage 
modulus can reach values close to 600 mN/m, which is the results of the 
minimization of the number of defects remaining in the close-packed 
monolayer [256]. It should be noted that emergence of out-of-plane 
deformations at the highest values of the surface pressure makes drop
ping both the storage and loss moduli in agreement with the results 
previously reported by Kobayashi and Kawaguchi [253]. On the other, 
the rheological response against dilation of latex monolayers can be 
considered qualitatively similar for particles adsorbed at both water/ 
vapor and water/oil interfaces [254,256]. 

The size of the particles is a very important parameter to be 
considered when the rheological response against dilational stresses of 
particle-laden interfaces is analyzed. Vella et al. [257] reported that the 
Young’s modulus of monolayers monodisperse particles with the same 
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chemical nature at fluid interfaces is inversely proportional to the size of 
the particles. 

It should be noted that the interfacial dilational flows induced in 
common laboratory experiments are smaller than those what are ex
pected in industrial processes. This was demonstrated by Hilles et al. 
[258], who explored the dilational response of latex particles at the 
water/octane interface against oscillatory deformations with different 
deformation amplitudes and found that particle-laden interfaces present 
a very narrow region of low strain in which the interfacial response 
appears as linear. 

5.1.1.2.2. Interfacial shear rheology. The existence of bulk flow can 
induce the emergence of interfacial shear deformations at particle-laden 
interface involving mass and momentum transport [216]. For shear 
deformations, the amplitude and time evolution are not coupled to any 
of the other interfacial modes [259]. This leads to a situation in which is 
possible to provide a definition of the shear elasticity corresponding to 
an in-plane shear deformation as a constant that defines the propor
tionality between the applied strain (uxy) and the stress (σxy). In a solid 
like-film, considering a Hookean-like behavior, the shear elasticity is 
given by σxy=Guxy. On the other side, the behavior of fluid-like layers is 
dominated by the viscous character of the layer, and the shear stress can 
be expressed as 

σxy = ηSduxy

dt
(63)  

where duxy/dt and ηS are the strain rate and the interfacial shear vis
cosity, respectively. In most of the systems the viscoelastic parameters 
(G, ηS) are higher when the system presents strong interactions between 
the particles, which can be explained by considering the flow induced in 
the surface elements as result of the energy required to overcome 
interfacial interactions [27]. For an oscillatory deformation, the com
plex shear modulus G* is defined as 

G*(ω) = G(́ω)+ iG´́(ω) ≡ G'+ iωηS (64)  

with G’ and G” being the storage or shear elastic, and loss moduli, 
respectively. For experiments in which the amplitude of the oscillatory 
deformations at fixed frequency ω remains small, it is possible to define 
the shear viscosity as G”=ωηS. 

The study of the response of particle-laden fluid interfaces to shear 
has gained importance in recent years, especially because of the impli
cation of the shear process in different aspects related to the stability of 
emulsions and foams [28,36,247]. This has stimulated significant 
research work attempting to unravel the correlations that arise between 
the interfacial micro-structure and the shear response of particle-laden 
fluid interfaces, with inter-particle interactions playing a key role in 
modulating these correlations [260]. It should be noted that the differ
ences between the inter-particle interactions that arise when the parti
cles are dispersed in bulk and at fluid interfaces give rise to important 
differences in the shearing behavior of 3D particles suspensions and 
their interfacial counterparts [261]. 

The seminal work on the characterization of particle-laden interfaces 
against shear stresses was done by Cicuta et al. [262]. They compared 
the behaviour of polystyrene latex particles (3 μm of diameter) at the 
water/decane interface with that of β-lactoglobulin layers. While the 
interfacial rheological response of the particle monolayers presented a 
mainly viscous character (G′′ > G′), the β-lactoglobulin laden interface 
turned out to be mainly elastic. The difference can be attributed to the 
possibility that the protein undergoes deformation and compression 
processes when shear deformations are applied. At low coverage, the 
response against shear was found to be dominated by the viscous 
contribution, which can be considered reminiscent of what is expected 
for liquid-like films. On the other hand, it was found that the visco
elasticity of particle-laden interface undergoes a sharp increase for 
surface coverage above 75-80% as a result of particle jamming. This 
agrees qualitatively with the findings by Yu et al. [263] for monolayers 

of silica particles. In the limiting conditions, at higher coverages, the 
response is dominated by the elastic contribution, and the monolayers 
can be considered as solid-like films. 

It should be noted that the transition from viscous-like to solid-like 
behaviour can be modulated by changing the ionic strength, i.e., by 
modifying the inter-particle interactions. The increase of the ionic 
strength does not significantly modify the dependence of the viscoelastic 
moduli on the interfacial coverage. However, the transition from viscous 
to elastic-like behaviour occurs at lower values of the interfacial 
coverage as the ionic strength increases, which can be understood 
considering that the screening of the electrostatic repulsions between 
particles favours interfacial aggregation [263]. 

The role of interfacial coverage in the response of particle-laden fluid 
interfaces to shear stresses was also analysed by Imperiali et al. [264]. 
They showed that the reorganization ability of the particles plays a 
central role in controlling the interface response against shear, which 
qualitative agrees with the results of Barman and Christopher [265] for 
polystyrene latex at water/vapor interface. They used a double-walled 
interfacial shear rheometer that allowed characterization of the inter
facial microstructure, and found a transition from shear thinning 
behaviour, characterized by the breakup of particle clusters, to one of 
yielding with increasing interfacial coverage. The origin of this transi
tion was attributed to differences in the mechanism of viscous stress 
dissipation. The occurrence of yielding at interfacial coverages well 
below that corresponding to interfacial jamming, suggested that the 
solid-like behaviour can occur prior to reaching close-packing or jam
ming conditions. In addition, the authors found that monolayers with 
high interfacial coverage can undergo a shear-induced ordering 
phenomenon. 

Barman and Christopher [265] found that increasing interfacial 
coverage reduces the range in which the rheological response is linear, 
with the coverage dependence of the viscoelastic shear modulus being 
described in terms of a power law. The above studies were extended, 
leading to the conclusion that the viscoelastic response of particle-laden 
interface is governed by constrains on particle motion. These constrains 
were associated with the inter-particle capillarity attraction and the 
caging-effects emerging from the local micro-structure. Furthermore, 
Barman and Christopher [266] reported the important role of meso- 
structural organization in determining the elasticity and yield. They 
found that the formation of aligned domains of hexagonally packed 
particles gives rise to elastic-like particle films, and that decreasing 
domain size leads to interfacial flows and viscous-like behaviour. 

The study of the effect of the interfacial packing on the response of 
particle-laden interfaces against shear stresses was extended by Rey
naert et al. [267]. They provided further evidence of the influence of 
inter-particle interactions in modulating the interfacial rheological 
response, showing that particle aggregation leads to an interfacial shear 
response reminiscent of that found in bulk counterparts. This agrees 
qualitatively with the results obtained by Wijmans and Dickinson [268] 
using Brownian dynamics simulations. The role of the inter-particle in
teractions in the response of particle-laden interfaces to shear stresses 
was also studied by Beltramo et al. [247]. They found that the existence 
of strong lateral interactions between the particles promotes the emer
gence of interfacial yield stress, and that the elastic modulus and the 
yield stress increase tenfold when the interfacial coverage increases 
from 0.47 to 0.88. For interfacial coverages below 0.64 the viscoelastic 
modulus was almost negligible, while above that threshold the visco
elastic modulus of the particle films increase. For interfacial coverages in 
the range 0-75-0.80 the viscoelastic modulus reached a plateau, which 
was attributed to the emergence of interfacial jamming. 

Muntz and Thijssen [269] have recently delved into the correlations 
between the structure of particle-laden interfaces and their rheological 
behaviour. For this purpose, they studied poly(methyl metacrylate) 
particles at water/dodecane interfaces using a shear rheometer coupled 
to a confocal microscope. The results obtained showed that, at low 
surface coverage, the particle-laden interface behaves as a two- 
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dimensional Newtonian fluid, which undergoes aggregation when a 
shear stress above a threshold value is applied. The increase in interfa
cial coverage leads to an interfacial behaviour dominated by the elastic 
contribution, and above the yield stress, the interface undergoes plastic 
deformation. 

As was mentioned above, particle roughness plays a very critical role 
in the entrapment of particles at fluid interfaces and thus in their 
interfacial organization. Hence, it is necessary to consider its impact on 
the response of particle-laden interface upon the application of shear 
stresses. The role of the particle roughness in the shear response of the 
particle-laden interfaces is closely correlated to the interfacial coverage 
[270], which can be explained in terms of inter-particle friction [271]. 
At low interfacial coverage, the interfacial shear viscosity of the particle- 
laden interfaces decreases as the surface roughness increases, while the 
response is the opposite as jamming approaches [272]. 

This behaviour can be understood considering the trapping of the 
particles at metastable positions as result of the contact line pinning 
[273]. The emergence of contact line pinning may lead to a situation in 
which particles behave very differently to that what was expected 
considering their wettability, i.e., hydrophilic particles may behave 
upon trapping at fluid interfaces as hydrophobic ones, and the latter as 
hydrophilic ones. This offers the possibility for stabilizing both water-in- 
oil and oil-in-water by using a single type of particles, without needing 
any change of its wettability. Therefore, it is clear that the shear 
response of particle-laden interfaces appears strongly influenced by the 
hydrophilic-lipophilic balance of the particles. Safoune et al. [249] 
confirmed such picture. They studied monolayers of fumed silica par
ticles having different hydrophobicity degrees, and found that the in
crease of the hydophobicity of particles for a similar value of the 
interfacial coverage leads to monolayers with higher values of the shear 
elastic and viscous moduli. The particle monolayers were found to 
present a behavior governed mainly by the elastic contribution for 
particles with a low hydrophobicity degree, becoming purely viscous 
when the hydrophobicity degree is high. Thus, a cross-over between 
elastic and viscous films was found, i.e., a gel point (G’ = G”), for par
ticles with an intermediate wettability which are trapped at the fluid 
interface with a contact angle around 90◦. The above studies were 
extended by Zang et al. [90,252,274], who explored the effect of the 
particle hydrophobicity on the response against shear stresses. They 
studied monolayers of fumed silica particles at the water/vapor inter
face, and did not find any dependence of the elastic modulus on the 
strain amplitude when the latter was small. Furthermore, an elastic 
modulus with values ten times higher than the viscous one was found. 
On the other side, Zang et al. [90,252,274] reported the possible 
appearance of a melting transition for particle monolayers when the 
strain amplitude overcomes a threshold value (yield stress). Under such 
conditions, the loss modulus reaches its maximum value, whereas the 
storage modulus drops. The response of the particle-laden fluid interface 
to the application of small deformations of low frequency evidences a 
viscous character, whereas for deformations of high frequency the 
behavior becomes mainly elastic. Furthermore, a quasi-linear depen
dence of the relaxation time on the shear rate was found. This may be 
considered analogous to that what is found in 3D softs solids, and may be 
explained considering the reduction of the characteristic time of the 
structural relaxation that occurs because of the increase of the strain- 
rate amplitude [275], in agreement with the results reported by Van
debril et al. [276]. 

A further important aspect to be considered, for the response of 
particle-laden fluid interfaces to the application of shear stresses is 
related to the analysis of its time evolution. For elucidating this aspect, 
Krishnaswamy et al. [277] studied, by using shear rheology, the 
adsorption kinetics of silver nanoparticles (in the range 10-50 nm) at 
toluene/water interfaces by using shear rheology, and found an increase 
of both the storage and loss moduli with time. This is due to the densi
fication of the monolayer during the adsorption process. Furthermore, 
upon interfacial equilibration it was found that the particle-laden 

interface has a behavior that presents some reminiscence to that what 
may be expected for a 2D glassy material, with the shear response 
depending strongly on the stain amplitude. On the other side, the use of 
strain sweep measurements evidenced a shear thickening behavior of G” 
upon deformations with a large strain amplitude, whereas no de
pendences of G’ on the strain amplitude were reported up to the shear 
thickening point. Furthermore, it was found that the shear thickening 
may be described using a power-law in which the exponents for 
describing the storage and loss moduli assumed values of 2 and 1, 
respectively. The behavior found for silver nanoparticles may be 
considered very different to that for gold nanoparticles at the water/ 
vapor interface [278]. The latter shows a behavior reminiscent of a gel- 
like systems undergoing strain induced softening. Furthermore, for gold 
nanoparticles the rheological response does not present any dependence 
on the applied stain for values below a threshold corresponding to 0.1%, 
and then the storage modulus drops. On the other side, the viscoelastic 
moduli can be described as a function of the interfacial coverage using a 
power law with an exponent around 0.65. This seems a reminiscence 
from that what is found in percolating systems [246]. 

5.1.1.2.3. Out-of-plane deformation. The deformation of particle- 
laden fluid interfaces upon the application of large compressional 
stresses may induce the emergence of elastic instabilities in the mono
layer, which leads to out-of-plane deformations of the quasi-2D particle 
layer [11,26]. This may be explained considering the emergence of 
different types of phenomena in particle-laden interfaces upon 
compression. An initial compression of the particle-laden fluid interface 
leads to the formation of close-packed films, which can undergo in and 
out-of-plane deformation upon further compression. This results in 
monolayer buckling, expulsion of material from the interface or multi
layer multilayer formation [279]. 

The buckling in particle-laden interfaces occurs when the surface 
pressure is high enough to cause a dropping of the effective interfacial 
tension down to a quasi-null value. However, under specific conditions 
the expulsion of particles from the interfacial layer may be favored with 
respect to the buckling. This may be rationalized considering the dif
ferences existing between the trapping energy ΔEp, and the mechanical 
work required for compressing the interface dW=ΠdA. This allows one 
to consider that the expulsion of particles from the interface is only 
possible when the work associated with the compression exceeds to the 
trapping energy. Therefore, it is possible to define a boundary condition 
which defines the expulsion of particles as W=ΔEp. This provides a 
definition for the force balance associated with the particle expulsion as 
[280] 

Π = γ12(1 ± cosθ)2 (65) 

It should be stressed that the above expression does not include the 
role of the interfacial interactions, which may modify the deformation 
profile. Thus, the presence of attractive inter-particle interactions may 
induce the formation of elastic solid-like films, in which the emergence 
of particle expulsion upon compression is not possible [93]. 

Leahy et al. [281] found that the compression of monolayers formed 
for gold nanoparticles beyond the close packing leads to the folding of 
the monolayer followed by the formation of multilayers. The wave
length of the wrinkles allows obtaining information related to the 
bending modulus of the particle monolayers and multilayers by applying 
the elasticity theory. The emergence of wrinkles on particle-laden in
terfaces was ascribed by Vella et al. [257] to the formation of particle 
clusters at the fluid interface, which allows considering that the 
compression of particle-laden interfaces beyond the collapse leads to an 
elastic behavior characterized by a buckling length defined as 

λ = π
[

4
3(1 − ϑ)(1 − vP)

]1/4 ̅̅̅̅̅̅̅̅̅
2Rlc

√
(66)  

where νP represents the Poisson ratio, which provides information about 
the deformation of the interface following the direction perpendicular to 
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the direction of application of the stress. In this particular case, the 
Poisson ratio evaluates the ability of the interface for undergoing out-of- 
plane deformations. It should be noted that the above model provides a 
good description of the interfacial behavior for particles with diameters 
in the micrometer range (above 1 μm). However, for smaller particles, it 
provides an underestimation of the buckling wavelength, which may be 
the result of a high bending elasticity, κb [282]. In the case of monolayers 
of anisotropic particles, the compressive stress can be released by their 
interfacial rearrangements, which may induce a flipping transition upon 
compression. Further compression of bucked particle-laden interfaces 
may result in the expulsion of some particles to one of the adjacent fluid 
phases [283]. 

Most of the phenomena occurring at particle-laden interfaces when 
the monolayer is compressed beyond the collapse may be modulated by 
changing the particle contact angle [284]. This may be understood 
considering the important contribution of the inter-particle interaction 
on the control of the interfacial microstructure and rheological response. 
Thus, hydrophilic particles lead to the formation of fluid-like particle- 
laden interfaces which may undergo an irreversible collapse with a 
noticeable expulsion of particles from the interface to the bulk. On the 
other side, solid-like films formed by hydrophobic particles present a 
high compressional elasticity due to the strength of the cohesive in
teractions between particles. This commonly leads to the emergence of a 
reversible collapse through the formation of wrinkles and folds. This can 
be understood considering the arrest of the mechanisms guiding the 
expulsion of particles from the monolayer to the bulk fluids as result of 
inter-particle interactions with attractive origin. 

5.1.2. Anisotropic particles at fluid interfaces 
The above discussion has been focused on the analysis of the 

behavior of spherical or nearly spherical particles trapped at fluid in
terfaces. However, the adsorption of particles may be modulated by the 
chemical and geometrical characteristics of the particles [285,286], 
which has stimulated the interest for studying the interfacial behavior of 
particles with anisotropy in their shape or in their chemistry [287,288]. 

5.1.2.1. Chemically homogeneous non-spherical particles. The shape 
anisotropy of particles presents a key role in the attachment of particles 
to the fluid interface. This is clear considering that, whereas for spherical 
particles the position in relation to the interfacial plane can be defined 
exclusively by the contact angle, the analysis of the trapping of non- 
spherical particles, including ellipsoids, dumbbells or cylinders, need 
to consider both the shape and wettability of the particles [289,290]. 
Particles with a relatively high degree of anisotropy, i.e., particles with a 
large aspect ratio, adsorb commonly at fluid interfaces orienting their 
major axes parallel to the fluid interface. Fig. 12 is a sketch showing the 
orientation of particles with different aspect ratios (SI) trapped at fluid 
interface. It should be noted that the aspect ratio provides a relationship 

between the two main radiuses of the anisotropic particles. 
The existence of different possible configurations for the trapping of 

a specific type of particles at a fluid interface influences the balance of 
interfacial inter-particle interactions, which in turn modifies the as
sembly of particles at the interface, and consequently the properties of 
the particle layers. On the other side, the ability of particles with 
anisotropic shape to remain trapped at the fluid interface is strongly 
dependent on their geometries. A critical aspect ratio exists beyond 
which the adsorption of anisotropic particles becomes unstable. The 
emergence of adsorption instabilities results from the high values of the 
line tension [10]. The correlations between the line tension and the 
aspect ratio have driven important research efforts trying to optimize 
the adsorption of different anisotropic particles, e.g., carbon nanotubes, 
at fluid interfaces. Thus, for particles with similar volume, the trapping 
energy changes according to the following order disks>rods>spheres. 
On other side, the maximum differences of the trapping energy in 
relation to that what are found for spherical particles can be found at the 
extreme wetting conditions, i.e., close to 0 and 180 degrees [291]. 

For cases in which the wetting conditions are fulfilled, ensuring the 
attachment of chemically homogeneous but geometrically anisotropic 
particles to the fluid interface, it is possible to find a deformation of the 
fluid interface in the vicinity of the particles, that leads to attractive 
capillary interactions that overcome the repulsive electrostatic contri
butions [188]. Furthermore, the short-range interactions, e.g., van der 
Waals or steric, are also strongly modified as result of the shape 
anisotropy of particles [10]. 

The impact of the shape anisotropy on the assembly was evidenced 
from the work by Loudet et al. [187]. They explored the assembly of 
micron-sized particles with ellipsoidal shape at a fluid interface, and 
found that the asymmetric distribution of the interactions within the 
interface leads to the association of the particles in open branched ag
gregates of particles which tends to be oriented forming particle chains 
as a result of the directionality of the interactions [287]. This behaviour 
is very different to that what is found for spherical colloids trapped at 
fluid interfaces which form well-defined close-packed film structures 
[222]. The differences on the interfacial assembly of particles resulting 
from the specific particle shape should be ascribed to the capillary in
teractions. Thus, non-spherical particles interact through long-range 
capillary interactions with quadrupolar origin, which exceed by 
several times the thermal energy (kBT), leading to a complex interfacial 
assembly [10,187,287,288]. In particular for ellipsoidal particles trap
ped at the water/vapour interface, the quadrupolar interface deforma
tion characterized by depression and ascension of the interface around 
the tip and side regions, respectively lead to the assembly of side-to-side 
or tip-to-tip structures as was reported by Loudet et al. [309]. The 
quadrupolar deformation of the interface was also reported for the 
adsorption of cylindrical particles at both water/vapour and water/oil 
interfaces [188,292]. Thus, for cylinder-like particles trapped at fluid 
interfaces, the interface deflects upward on the planar end surface and 
downward around the sides. The prominent interfacial deformation on 
the end surfaces leads to the formation of linear chain-like structures. 

The above differences on the organization of anisotropic particles at 
fluid interfaces depending on their shape are due to the very different 
energetic landscapes [292]. Thus, the side-to-side chains obtained from 
the assembly of ellipsoidal particles present a certain degree of flexi
bility, whereas the end-to-end configurations obtained from the as
sembly of cylindrical particles present a high rigidity. This confirms the 
important directional character of the capillary interactions in mono
layers of anisotropic particles at fluid interfaces. The ability for self- 
organizing of anisotropic particles can lead to a rich interfacial phase 
behaviour, including the formation of isotropic, 2D nematic, 2D smectic 
and 3D nematic phases, as was evidenced by Kim et al. [293] for BaCrO4 
nanorods and by Hernández-López et al. [294] for carbon nanotubes. 

The differences in the assembly induced by the anisotropic shape also 
affects the interfacial response against mechanical stresses. Madivala 
et al. [289] explored the interfacial behavior of ellipsoidal particles 

Fig. 12. Sketch representing the adsorption of different chemically homoge
nous particles with different degree of shape anisotropy trapped at fluid in
terfaces. Reprinted from Park and Lee [285], Copyright (2014), with permission 
from Springer-Nature. 
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made of polystyrene at water/decane and water/vapor interfaces, and 
found that the assembly of the particles at the fluid interfaces may be 
tuned by changing the electrostatic interactions within the systems. This 
leads to the formation of arrangements of individual particles coexisting 
with linear aggregates at water/decane interfaces, and flower-like ag
gregates at water/vapor one. The different organization of the particles 
depending on the nature of the interface leads to very different responses 
upon the application of shear stresses. This agrees with the general 
picture that correlates the interfacial packing and the mechanical 
response of the particle-laden fluid interfaces. In particular, ellipsoidal 
particles at the water/decane interface behave as an elastic system, with 
its viscoelastic modulus increasing with the interfacial coverage. Such 
increase was found to be governed by a strong increase of the elastic 
component of the shear modulus. It should be noted that the importance 
of the elastic component on the behavior of ellipsoidal particles is just 
the opposite situation that what reported by Cicuta et al. [262] for 
spherical particles, which may be due to the existence of very different 
relaxation mechanisms [283]. Furthermore, on the contrary to that what 
was found for spherical particles, ellipsoidal particles trapped at a fluid 
interface can undergo buckling processes when the interfacial coverage 
is relatively high. Therefore, it is possible to assume that the differences 
on the rheological response due to the shape anisotropy of particles may 
be understood considering the broad range of interfacial packings that 
can appear for non-spherical particles. This is strongly correlated to the 
specific degree of anisotropy of the considered particles, which modifies 
the balance of interfacial interactions, and hence changes the aggrega
tion pattern and interfacial rheology of the particle-laden interface. The 
effect of the morphology of the particles on the response of the interface 
upon the application of shear stresses was extended by Brown et al. 
[271]. They studied particles with different aspects ratios, and found a 
shear thickening phenomenon independent of the anisotropy degree of 
the particles. However, the anisotropy becomes a critical parameter for 
controlling the jamming of the particles at the fluid interface. Thus, the 
increase of the degree of the anisotropy of the particles reduces the 
threshold value of the coverage for the onset of the jamming region. On 
the other side, it has been reported that the asymmetry of the particles 
may induce the formation of kinetically trapped films, which modifies 
the shear flows at the interface [295,296]. 

5.1.2.2. Chemically anisotropic particles. The interest in exploiting 
chemically anisotropic particles for stabilizing interfaces was originated 
from the Nobel Lecture of Pierre-Gilles de Gennes, in which the use of 
colloidal particles with two separated regions with different chemical 
nature, the so-called Janus particles, was proposed for replacing mo
lecular surfactants [297]. However, the advances in the synthetic routes 
used for the fabrication of colloidal particles has allowed to introduce 
other types of chemical anisotropic particles, e.g., dumbbells, patchy 
colloids or shape anisotropic Janus particles [118]. 

The adsorption of spherical Janus particles tries to ensure the energy 
minimization condition. This leads to a situation in which particles with 
two symmetric domains of different wettability adsorb to the fluid 
interface in such a way that each domain is paired with its preferred 
fluid phase, i.e., the phase of higher affinity, and their trapping occurs 
with the Janus boundary pinned at the interface. This means that par
ticles having a non-polar domain and a polar one will adsorb to water/ 
oil interfaces with the non-polar and polar regions placed in contact with 
the oil and the aqueous phases, respectively. This conformation leads to 
the largest decrease of the interfacial energy [298]. Furthermore, the 
adsorption of Janus colloids in which the domains of different wetta
bility are not symmetric, i.e., present different size also adopts the 
configuration at the fluid interface that allows minimizing the interfacial 
energy, which may not correspond to the pinning of the Janus boundary 
at the interface [299]. It should be stressed that the trapping energies for 
Janus colloids at fluid interface can be several times higher (up to 3-fold 
higher) than that corresponding to homogeneous particles [300]. 

According to the above discussion, the equilibrium position of Janus 
particles at fluid interfaces may be predicted using similar approach to 
that used above for defining the contact angle (see Section 2.4) [301]. 
However, the dual chemistry of Janus particles makes necessary to 
define two contact angles, the first one in relation to the polar phase θP 
and the second one in relation to the non-polar phase θA [299]. This 
allows defining a degree of amphiphilicity for a Janus particle as Δθ =
(θA − θP)/2. Thus, it is possible to define the Janus boundary using the 
angle α, which is placed at 0 and 180 degrees for polar and non-polar 
particles, respectively, whereas for particles with two patches of the 
same size assumes a value of 90◦ [302]. Therefore, it is possible to 
modify the amphiphilicity of Janus particles by changing the wettability 
of each patch, i.e., modifying θP and θA, or the value of the Janus 
boundary α. Thus, assuming the absence of rotation of Janus particles at 
the interface, the equilibrium contact angle may lead to up to three 
different equilibrium positions defined for their equilibrium contact 
angle θE. Fig. 13a-c reports different situations for the equilibrium po
sitions of different Janus particles in relation to their chemically ho
mogeneous counterparts [301,302]. 

The above discussion clarifies the orientation of spherical Janus 
particles upon the adsorption to fluid interfaces. However, the situation 
is less clear when Janus particles with anisotropic shapes (ellipsoids, 
dumbbells or cylinders) are considered in which the anisotropy provides 
extra degrees of freedom for modifying the orientation of the particles 
upon the adsorption at the fluid interface, which influences significantly 
the interaction between particles at the interface [303]. It has been re
ported that Janus particles with large aspect ratios adsorb preferentially 
in a tilted configuration, i.e., with the Janus boundary parallel to the 
interface. However, the increase of the wettability differences between 
the two domains of the Janus particle may induce the adsorption in an 
upright orientation to maximize the contact between each region and its 
preferred fluid phase. On the other hand, for particles with domains of 
similar wettability, it is possible to find the coexistence of upright and 
tilted orientations, which may be considered as a metastable orientation 
at a secondary energy minimum [303]. Therefore, the rotational 
freedom of Janus particles emerges as an essential aspect governing 
their stability at fluid interface [286,298,302]. This was confirmed by 
Bon and Cheung [304] using Monte Carlo simulation. They reported that 
neglecting the rotational freedom of Janus particles at the interface 
underestimates the trapping energy. Furthermore, different studies 
demonstrated the role of the amphiphilicity of the Janus particles on 
their orientation at fluid interfaces [190,298]. The adsorption of 
dumbbells is more straightforward because the narrow neck hinders the 
secondary energy minimum, which limits the possibility to absorb in the 
tilted configuration [303]. The existence of this preferred direction for 
the adsorption was evidenced by the contact angle measurements by Isa 
et al. [305]. The situation for the adsorption of patchy colloids is anal
ogous to that what appears for dumbbells, with their adsorption 
occurring in a preferential orientation defined for the opening angle of 
the patches [199,306]. Fig. 13d shows an example of the different ori
entations that can emerges for Janus particles for which a combination 
of shape and chemical anisotropies exists. 

The above discussion has evidenced the importance of anisotropies 
on determining the equilibrium position of particles at fluid interfaces. 
However, a more detailed analysis allows evidencing that the equilib
rium position of Janus particles is defined for the balance between shear- 
and capillarity induced torques. The former emerges from the shear 
forces occurring at the particle surface, wherear the latter are a result of 
the preferential wetting of the particles for one of the fluid, and the 
equilibrium orientation of Janus particles is given for the point in which 
the net torque assumes a null value [118]. 

5.1.2.2.1. Inter-particle interactions. The contact angle pinning of 
Janus particles trapped at fluid interfaces leads to irregular de
formations of the interface which induce attractive interactions between 
particles [298]. This is because inter-particle interactions are governed 
by the minimization of the interfacial energy, which requires a reduction 
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of the contact area between the two fluids. Thus, the reduction of the 
inter-particle distance between particles placed at the interface with 
different orientations leads to the overlapping of the interfacial distor
tions, which leads to strong capillary interactions. On the other side, for 
particles having similar orientation angles, the interfacial deformations 
do not overlap and hence the interfacial energy increases as particles are 
closer. This leads to strong repulsions between particles, which contrast 
with the situation for particles with opposite orientation angles. As a 
consequence, the approaching of particles with opposite orientation 
angles trongly decreases the interfacial energy, thus inducing the for
mation of capillary bridges as result of the strong attractive interactions 
between particles [290]. 

The above picture may be also applied for the description of the 
inter-particle interactions of patchy particles trapped at fluid interfaces 
[306]. Thus, for hydrophilic particles containing hydrophobic patches, a 
capillary attraction may be expected upon approaching. However, the 
situation changes when the patches of the approaching particles present 
different amphiphilicity. In this case, the menisci of the particles appear 
deflected in opposite direction which is translated in inter-particle 
repulsion. 

5.1.2.2.2. Interfacial rheology 
5.1.2.2.2.1. Dilational rheology 
The response against dilational stresses of Janus particles trapped at 

fluid interface has been explored for different types of Janus colloids, 
and many times the results have been put in comparison with those what 
were found for chemically homogeneous particles. Kadam et al. [307] 
studied the response of different biofunctionalized silica Janus nano
particles at the water/vapor interface, and found that the elasticity in
creases in relation to monolayers of bare silica, with the elastic modulus 
appearing for monolayers of some specific Janus particles up to six-fold 
higher than that what was found for bare silica. The increase of the 
elastic contribution of monolayers of Janus particles in relation to 
monolayers of non-Janus counterparts was confirmed by Fernández- 
Rodríguez et al. [308] for monolayers of polymeric Janus particles. They 
studied the compressional elasticity of such particles at both water/ 

vapour and water/decane interfaces, and found that Janus particles 
leads to monolayers with higher compressional elasticity than those of 
homogeneous particles, which may be ascribed to the ability of Janus 
particles to form particle networks at the interface. Furthermore, an 
increase of the dilational storage and loss moduli with the increase of the 
interfacial coverage was reported. Razavi et al. [302] expanded the 
above studies in relation to the interfacial dilational response using 
Janus particles of different degree of amphiphilicity. They found that the 
increase of the amphiphilicity of the Janus particles leads to an increase 
of their ability for remaining trapped at the water/vapour interface, and 
enhances the elasticity of the particle-laden interface. Furthermore, it 
was found that monolayers of highly amphiphilic Janus particles un
dergo a reversible collapse through interfacial bucking with a reduced 
number of particles expelled to the subphase after successive compres
sion/expansion cycles. On the other side particles with low amphiphi
licity undergo an irreversible collapse upon compression. This difference 
on the rheological response may be ascribed to the differences on the 
orientation of particles at the fluid interface. Thus, particles with low 
amphiphilicity appear trapped at the fluid interface with a random 
orientation, whereas those with high amphiphilicity are placed at the 
interface in such a way that they have paired their different regions with 
the more favourable fluid. 

5.1.2.2.2.2. Shear rheology 
The study of the response of Janus particles against shear stresses is 

currently a very active research field [29]. Yin et al. [309] explored the 
rheological response of silica-based Janus nanosheets at water/oil in
terfaces by means of frequency sweep experiments performed at small 
strain amplitude (around 1%), and found a strong increase of the 
interfacial viscosity up to 1000 mN∙s∙m-1. Furthermore, the increase of 
the shear rate up to 2.5 rad/s results in a reduction of the interfacial 
viscosity followed by a plateau region, which may be rationalized in 
terms of a disruption of the interfacial network. 

Rezvantalab et al. [310] explored the response of interfacial layers of 
Janus particles at fluid interfaces against shearing by calculations using 
a multicomponent Lattice-Boltzmann method, which allows the study of 

Fig. 13. Equilibrium position of Janus particles at fluid interfaces. (a) Equilibrium contact angle defined for the contact angle of the non-polar phase. (b) Equilibrium 
contact angle defined for the Janus boundary. (c) Equilibrium contact angle defined for the contact angle of the polar phase. (d) Impact of shape and chemical 
anisotropies. Reprinted from Correia et al. [29], with permission from MDPI under Attribution License Creative Common 4.0 (2021). 
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the interfacial ordering induced upon shearing for monolayers of 
different sizes and intermediate interfacial coverage (in the range 32- 
65% of the total interfacial area). They found that the capillary induced 
interactions emerging from the overlapping of the interfacial de
formations induced by the shear flow induced the formation of particle 
chains aligned in the direction normal to the shear deformation, inde
pendently of the characteristic of the particle-laden interface, i.e., the 
type of particles and the interfacial coverage. The chain-like structures 
remain intact upon the removal of the flow field, with the only modi
fication being associated with the rotation of the particle for adopting an 
upright orientation. Rezvantalab et al. [311] extended their studies for 
understanding the combined role of chemical and shape anisotropies in 
the behaviour of Janus particles at fluid interfaces against shear stresses. 
They found the existence of two rotational dynamics (smooth tilt and 
tumbling), which depends on the particle shape, degree of amphiphi
licity and shear rate. Despite the existence of two type of dynamics, all 
the particles reach a steady-state orientation at the interface which de
pends on an intricate balance between torques induced by shear and 
capillarity. Therefore, it is possible modulate the orientation of Janus 
particles at fluid interface by controlling the shear rate and the surface 
chemistry of the particles. 

Further studies on the shear induced assembly of Janus particles at 
fluid interfaces were performed by Paiva et al. [312]. They found that 
anisotropic Janus particles exhibit tumbling behaviour upon the appli
cation of shear stresses that allows overcoming the capillary torques. 
This leads to the formation of a Janus antiparallel configuration or 
stacked aggregate sheets. Wang et al. [313] studied the correlation be
tween the interfacial morphology and the shear response of Janus par
ticles of poly(vinylidene fluoride)/poly(L-lactide) at fluid interface, and 
found that the obtained films present a high elasticity (several times that 
corresponding to homogeneous particles) and low interfacial tension. 
This solid-like behaviour was ascribed to the formation of ordered arrays 
of Janus particles at the fluid interface. 

5.2. Soft particles 

A paradigm of soft colloidal particles are those made up by microgels 
(i.e., chemically cross-linked polymers forming networks of colloidal 
size) that can undergo swelling in liquid environments. The degree of 
swelling depends on the density of cross-linking and the solvent quality 
[314]. Microgel particles have properties that can be considered inter
mediate between those corresponding to colloidal particles, and those 
that are expected for polymer chains [35,314]. 

The most common microgel particles are those obtained from poly 
(N-isopropyl acrylamide) (PNIPAM), a thermosensitive polymer that 
undergo a reversible swelling/shrinking transition at a temperature 
around to the physiological temperature of the human body [315,316]. 
In some cases, it is possible to add some co-monomers that change their 
ionization state by pH changes, e.g., acrylic or methacrylic acid, which 
allows obtaining pH responsive microgels [317]. 

The dual character of the microgels plays a very important role in 
their trapping at fluid interface. On one side, they are particles and 
hence they remain trapped at the fluid interface very strongly. On the 
other side, they present a polymer character which favors their attach
ment from dispersion to the fluid interfaces [35]. Therefore, the softness 
is not a limitation to the adsorption of particles at fluid interface. 
However, it introduces a competition between the bulk elasticity and 
surface tension, which leads to the particle stretching at the fluid 
interface. This leads to a change of the energetic landscape associated 
with the trapping of the particles at the interface, which is characterized 
by an increase of the trapping energy [75,182,318]. Furthermore, the 
deformability of the particles enhances the contribution of the capillary 
interactions and reduces that corresponding to the direct interactions 
[319]. This results in the formation of interfacial mesostructures, which 
can be exploited for the stabilization of dispersed systems, mainly 
emulsions [320–323]. The enhancement of the contribution of the 

capillary interactions to the global balance of the interface may be un
derstood considering that the capillary interactions are related to the 
deformation of the interface upon particle adsorption. Therefore, the 
modification of the wetting properties of soft particles as result of the 
change of their conformation may induce very different contribution of 
the capillary forces in such a way that depends on the specific size of the 
particles [324]. This leads to a degree of propagation of the particle in 
each phase depending on the quality as solvent of the specific fluid, 
resulting in very different deformation profiles of the fluid interface. In 
fact, for small particles the role of the capillary forces can be considered 
almost negligible, and the interfacial behavior is reminiscent from that 
expected for monolayers of polydisperse soft disks, whereas monolayers 
of big particles undergo strong attractive capillary forces, appearing 
clustering between the particles from the lowest values of the interfacial 
coverage. 

5.2.1. Trapping of soft particles at fluid interfaces 
The trapping of soft particles at fluid interfaces, both water/vapor 

and water/oil, is aimed to reduce the interfacial energy between the two 
fluids, similarly to that what happens for hard particles [325]. However, 
the softness of microgels allows its deformation upon adsorption at in
terfaces, which determines two main aspects of the interfacial organi
zation of the microgels at the interface: (i) the surface activity of most 
microgels induce that in contact with the interface, microgels can appear 
stretched out at the interface to maximize the interfacial coverage, and 
(ii) microgels protrudes into the two fluid phases according to their 
respective affinities. The latter results in an asymmetric distribution of 
the microgels between the two phases. It should be noted that the 
extension of the in-plane deformation and the asymmetry across the 
interface depends on the specific structure of the microgel and the na
ture of the fluid phases [326]. 

Different studies have evidenced that microgels at interfaces be
tween a polar fluid and a non-polar one adopt “fried-egg” morphologies. 
These result from the lower cross-linking of the external region of the 
microgel (corona) in relation to the inner one (core), which determines a 
higher deformability [143,318,323,327]. It should be stressed that the 
bulk elasticity of the microgels emerges as a restriction to their defor
mation upon adsorption at the fluid interface. This may be understood 
considering the balance between two contributions: (i) reduction of the 
interfacial energy between two immiscible fluids, and (ii) the elas
trocapillary length LEC=γS/E defined as the ratio between the surface 
tension of the solid γS and its Young’s modulus E [318]. Thus, particles 
with radius larger than the elastocapillary length can be considered 
effectively as non-deformable particles, and only slight deformations 
close to the contact line may be expected. On the other side, for particles 
with radius smaller than the elastocapillary length, particles behave 
almost as a liquid. 

It may be expected that the deformation of soft particles upon 
adsorption at a fluid interface can appear strongly dependent on the 
interfacial coverage. At low coverage, the adsorption of the particles 
occurs with the particles adopting a stretched-out conformation at the 
interface. This may be understood considering that such conformation 
ensures the maximization of the fraction of interfacial area occupied by 
the particles. This introduces a favorable entropic contribution, allowing 
overcoming the energy penalty associated with the elastic deformation 
of the particle. Under the above conditions, the major portion of the 
particles remains immersed in the polar phase, and only a very small 
fraction appears protruding to the non-polar phase [328]. On the other 
side, the increase of the interfacial coverage leads to a situation in which 
the particles at the interface start to touch each other. This drives the 
collapse of particles at the interface, reducing the contribution of the 
elastic energy [35]. The above picture can be interpreted considering 
that at low coverage, microgels can appear forming either monolayers 
resembling a liquid-like state or clusters mediated through capillary 
interactions [327,329]. On the other side, the increase of the coverage 
induces a crystallization of the microgels forming a hexagonal array 
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where the coronas of adjacent particles appear in contact, and the cores 
are separated due to the coronas acting as spacers. The increase of the 
coverage leads to the reduction of the inter-particle separation, which 
drive the formation of well-defined solid-like hexagonal packing 
[330,331]. Fig. 14 represents a sketch of the conformation of single 
microgels trapped at fluid interfaces depending on the interfacial 
coverage together with the change of microgel dimensions at the 
interface with the interfacial coverage. 

5.2.2. Interfacial interactions 
The characteristics of microgels as colloidal particles with a behavior 

intermediate between hard particles and polymers leads to a situation in 
which the interactions operating between the particles trapped at the 
fluid interface emerge very different to that what is found for hard 
particles [35]. Thus, the swelling of microgel particles leads to a very 
weak van der Waals attraction, and the absence of appreciable charges. 
Therefore, the interactions that appears dominant for hard particles may 
have a negligible role for soft particles. Furthermore, the deformability 
of microgels introduces new degrees of freedom to the system 
[143,322,328,332]. 

The existence of additional degrees of freedom (embedding and 
deformation) for soft particles trapped at fluid interfaces in relation to 
that what occurs in common hard particles influences the interaction 
potentials between soft particles trapped at fluid interfaces. Geisel et al. 
[329] showed that charged microgels collapse more easily upon 
compression than uncharged one. This suggested that the compress
ibility of microgels does not depend directly on the electrostatic inter
action. This may be understood considering that the internal structure of 
the particles, e.g., cross-linking density or their responsiveness to 
physical stimuli, controls the compressibility of the microgels. Despite 
the inter-particle electrostatic repulsions do not influence directly the 
compressibility of soft particles, the charge of the microgels appears as a 
very important parameter for controlling the swelling degree of micro
gels, which results from the presence of charges. 

Soft particles present a strong capillary attraction with respect to 
hard particles. This may be easily understood considering the larger 
contact line, and its roughness and heterogeneity associated with the 
particle deformability [319]. The importance of the capillary in
teractions in microgel layers at fluid interfaces was demonstrated in the 
study by Cohin et al. [333]. They found that microgels undergo a clus
tering process upon their attachment at fluid interface, which was not 
observed in bulk dispersion. Therefore, they conclude that the clustering 
was mediated by the emergence of long-range capillary interactions. It 
should be noted that once particles are close to each other, they can also 
interact through short range forces. 

5.2.3. Response of microgels layers upon mechanical deformations 
The response of soft particles trapped at fluid interface is mainly 

dictated by their deformability [334]. In particular, the corona region 
dominates the stress relaxation of microgel layers as result of their 
rearrangements [321]. Brugger et al. [332] pointed out that the response 
of microgel-laden fluid interfaces against dilation is closely correlated to 
the conformation of the particles upon trapping at the interface. Thus, 
for swollen microgels, the monolayer behaves as a mostly elastic film, 
whereas the shrinking of the microgels leads to a reduction of the storage 
modulus and increase of the loss modulus. The analysis of the response 
against shear deformation of the above layers shows that layers of 
swollen microgels present a behavior reminiscent from that what is 
expected for a soft gel-like material undergoing an elastic response 
against a mechanical deformation. However, the shrinking of the 
microgels drives the formation of compact and brittle films, which un
dergo an easy rupture upon deformation. 

Varying the surface pressure by compression in a Langmuir trough 
yields a very rich phase diagram of PNIPAM particles at liquid/liquid 
interfaces, including an isostructural solid-solid phase transition, 
described by the emergence of shell-shell and core-core inter-particle 
contacts in each phase, respectively [335]. Increasing the temperature 
above the lower critical solubility temperature (LCST) of the constituent 
PNIPAM chains yields the deswelling of the microgel particles and a 
potential reduction of their size. This is known as a volume phase 
transition temperature (VPTT). The existence of a transition from solid 
to fluid around the VPTT of PNIPAM particles adsorbed at the air/water 
interface was recently addressed [182]. In detail, a solid-like behavior 
was found below 30◦C, in agreement with the behavior reported by 
Cohin et al. [336] and Huang et al. [337]. Increasing the temperature 
above 30◦C, towards 38◦C, a transition to a fluid-like layer that can flow 
under stress was observed and rationalized the shrinkage of the particles 
in the direction perpendicular to the interface, which is consistent with 
ellipsometry measurements [182,326]. 

As a corollary of this subsection, the stimuli responsiveness of most 
of the soft particles, and in particular of those of PNIPAM and their 
derivatives, leads to a rich interfacial behavior with interesting 
morphological transitions which impact decisively on the interfacial 
rheology of their monolayers [35]. 

6. Effect of the capping ligands on the assembly of particle-laden 
interfaces 

The introduction of capping ligands to colloidal particles can influ
ence the magnitude of the attractive and repulsive inter-particle in
teractions, which in turn modify the interaction potential and hence the 
final structure and organization of the assembled particle-laden 

Fig. 14. Conformation and dimensions of single microgels at a fluid interface as function of the interfacial coverage. Adapted from Vialetto et al. [331], with 
permission from Elsevier under Attribution License Creative Common 4.0 (2021). 
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interface. In particular, the introduction of surface-active capping li
gands can alter the assembly of particle-laden interfaces at many levels 
[108]. They can bind to the surface of the particles providing a capping 
shell modifying the way in which particles interact with each other. 
Furthermore, the introduction of capping ligands leads to a modification 
on the wetting properties of the colloids, i.e., their contact angle, and 
their ability for modify the interfacial tension of the fluid interface 
[16,18,27,93]. 

6.1. Effect of the capping ligands on the interfacial organization of 
particle at fluid interfaces 

6.1.1. Reversibly capped colloids at fluid interfaces 
Very common additives for modulating the ability of particles for 

assembly at fluid interfaces is the addition of surfactants. They can 
screen or suppress the particle surface charge [107,111,112,338], tune 
the particle wettability [64,80] or modify their ability in the stabiliza
tion of emulsions and foams [4,6,60,61,106,111]. 

The combination of oppositely charged particles and surfactants has 
become a very popular strategy for obtaining surfactant-decorated 
particles, which allow obtaining a modulated adsorption and assembly 
of the particles at the fluid interface. Thus, it is possible to reduce the 
effective charge of the colloidal particles, which reduces the strength of 
the repulsive electrostatic interaction, fostering the colloidal aggrega
tion. This limits the formation of structures with long-range positional 
order [339]. However, Velikov et al. [340] demonstrated that it is 
possible to obtain long-range 2D crystals by capping particles with a 
surfactant at a concentration which ensures the particle hydro
phobization, avoiding their bulk aggregation. 

Santini et al. [64] exploited the addition of the cationic surfactant 
CTAB for tuning the interfacial organization of negatively charged hy
drophilic silica particles at the water/vapor interface, and their results 
pointed out the ability of the surfactant for capping the surface of the 
particle. This allows modifying the wetting properties of the particles, 
which in turn controls the immersion of the particles in the fluid phases, 
i.e., their position in relation to the interfacial plane [80]. Therefore, it 
may be expected that as the wetting properties of the particles are tuned, 
their packing at the fluid interface as well as the interfacial morphology 
of the particle-laden interface should change. This agrees with the result 
by Zang et al. [221] for silica particles capped through a chemical 
process with silanes, which confirms the important role of the wetta
bility of the particles in the control of the packing of particles at fluid 
interfaces. 

Santini et al. [61] explored furtherly the impact of the wetting 
properties of the surfactant decorated particles on their ability for as
sembly at fluid interfaces, and found that particles with a reduced hy
drophobicity tend to assemble forming isolated particles rafts at the 
interface. The increase of the particle hydrophobicity drives the coa
lescence of the particle rafts to form close-packed films constituited by 
3D particle clusters. These results are in agreement with the strong 
decrease of the interfacial tension and the sharp increase of the inter
facial excess determined by ellipsometry, with this latter parameter 
being compatible with the formation of particle films thicker than a 
monolayer. The above results are compatible with those obtained 
independently by the group of Noskov [62,63,256,341] for micro- and 
nanoparticles of polystyrene sulfate latex and silica nanoparticles 
decorated with CTAB at both water/vapor and water/alkane interfaces. 
Li-Destri et al. [220] using GISAXS reported that the surfactant con
centration used for capping oppositely particles plays a key role in the 
control of the energetic landscape involved in the assembly of the par
ticles. Independently of the surfactant concentration, they found the 
existence of long-range electrostatic interactions. Furthermore, their 
found the emergence of short-range interactions which appears depen
dent on the surfactant concentration and their ability for reorganizing 
around the particles. At low surfactant concentration, particles capped 
with oppositely charged surfactant molecules have steric repulsions due 

to the intermingling of the surfactant molecules on the surface of the 
particles. However, the increase of the surfactant concentration in
troduces a repulsive electrostatic contribution due to the formation of 
surfactant bilayers with the charged moieties exposed to the aqueous 
phase on the particle surface. This leads to an increase of the inter- 
particle separation at the fluid interface. In a similar work combining 
GISAXS and in situ AFM studies, Costas et al. [342] demonstrated that 
the surfactant concentration also plays a very important role on the 
organization of silica particles at water/oil interfaces. Thus, the results 
showed that the higher the surfactant concentration the higher the 
interfacial coverage, and the shorter the inter-particle separation. 

Anyfantakis et al. [343] deepen the understanding of the organiza
tion of colloidal particles decorated with oppositely charged surfactants 
at the interface as function of the concentration of both particles and 
surfactant. They found that, for surfactant concentrations very far from 
the critical micelle concentration (CMC) of the surfactant (3 or 4 orders 
of magnitudes lower), particles capped with the oppositely charged 
surfactant can assemble at the interface following different patterns. In 
this case there is an electrostatic repulsion between the particles and the 
capillary force arising from the deformation of the interface around 
particle clusters defining the organization of the particles at the inter
face. Thus, tuning the ratio between the concentrations of surfactant and 
particles, it is possible to obtain different disordered and 2D crystal 
phases [344]. 

Li et al. [345] tried to gain further insights on the ability of surfac
tants for modifying the adsorption of oppositely charged particles at a 
fluid interface. In particular, they study the adsorption of negatively 
charged gold particles decorated with CTAB at the water/dichloro
methane interface by combining zeta potential measurements and 
Surface-Enhanced Raman Spectroscopy (SERS). The results evidenced 
that at low surfactant concentration, the adsorption of surfactant on the 
particle surface is not high enough for modifying neither the surface 
charge of the particles nor their wettability. However, the increase of the 
surfactant concentration enhanced their deposition on the particle sur
face as evidenced by SERS spectra and the reduction of the zeta potential 
until quasi-null values (originally around -30 mV). This results in a 
modification of the lateral organization of the particles at the interface. 
Thus, for similar particle concentrations highly charged particles (low 
surfactant concentrations) leads to the formation of more ordered 
monolayers than particles with a reduced charge density (high surfac
tant concentration), with the latter evidencing a high tendency to the 
formation of monolayers of 3D particle clusters. 

6.1.2. Irreversibly capped colloids at fluid interfaces 
Another approach for tuning the interfacial organization of particles 

at fluid interfaces is by binding specific molecules using covalent bonds. 
Park et al. [346] exploited this concept for ensuring the formation of 
monolayers of gold nanoparticles at the water/hexane with a high de
gree of order. For this purpose, they linked 1-dodecanothiol molecules to 
the gold surface, and found that in absence of the capping agent, the 
obtained monolayers presented a disordered structure, which was 
ascribed to the electrostatic repulsions between the particles. These re
pulsions were strong enough to hinder the formation of close-packed 
monolayers. However, the addition of alkanethiols at intermediate 
concentrations leads to a decrease of the surface charge density of the 
particles, which minimizes the unfavorable electrostatic repulsions and 
favors the ordering of the particles within the interface. On the other 
side, the addition of alkanethiol at a high concentration drives the ag
gregation of the particles. It should be noted that the length of the 
capping agent allows modulating the organization of particles at the 
fluid interface. Kim et al. [347] pointed out that the increase of the 
length of the ligands, and in particular, the length of the hydrophobic 
moiety, allows passing from ordered liquid 2D phases to disordered 2D 
solid one. This may be explained considering the role of the steric 
contribution associated with the restriction of the particle mobility due 
to the capping ligand shell, i.e., entropy-driven transition. This 
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transition occurs through the formation of a hexatic phase, which allows 
considering the ligand-induced melting process similar to that of the 
temperature-induced one, with the ligand length being the control 
parameter. The role of the length of the tethered chain on the interfacial 
organization of particles at the fluid interface was also explored by Isa 
et al. [348]. They studied the assembly of Fe3O4 particles capped with 
poly(ethylenglycol) at the water/decane interface, and demonstrated 
that the molecular weight of the tethered chains determines the in-plane 
separation of particles at full interfacial coverage, which agrees with the 
results by Kim et al. [347]. 

6.2. Rheological response 

6.2.1. Dilational rheology 

6.2.1.1. Reversibly capped colloids. It is common to assume that the 
interaction of oppositely charged particles and surfactant leads to the 
emergence of different types of synergetic effects between the compo
nents [70,240]. This means that the association of particles and sur
factants is commonly associated with a stronger modification of the 
interfacial tension than those expected for the individual components. 
However, this is not the case when silica particles are capped by the 
addition of a cationic surfactant such as CTAB. Ravera et al. [51] showed 
that the dilational viscoelastic response measured in the low frequency 
limit (0.005–0.2 Hz) using an oscillating drop tensiometer for layers of 
silica particles capped by CTAB present a strong dependence on the 
deformation frequency. Furthermore, the elasticity of the particle-laden 
interface was found to be enhanced in relation to that obtained for 
surfactant-laden interfaces, which is in agreement with the results ob
tained by Tambe and Sharma [243] for mixtures of graphite particles 
and stearic acid at water/decane interface. Furthermore, it was found 
that the effect of the formation of a particle-laden interface using 
particles-capped by using surfactants is stronger for water/oil interfaces 
than for water/vapour one. It should be noted that the interfacial dila
tional viscoelatic modulus of layers of surfactant-decorated colloidal 
particles at fluid interfaces increases upon compression. This may be 
explained considering the increase of interfacial excess of particles 
[30,63,349]. 

The seminal work by Ravera et al. [51] was furtherly extended by 
enlarging the accesible frequency range (from 10− 3 Hz to 103 Hz) by 
combining three different experimental techniques (oscillatory drop 
tensiometer (OD-DS), capillary pressure tensiometer (OB-CPT) and an 
electrocapillary wave devices (ECW)). This allowed inferring the exis
tence of two different relaxation processes at the interface as response to 
dilational stresses. Such relaxation processes have well-differentiated 
origins: (i) a diffusion-controlled adsorption of particles from the bulk 
to the interface, and (ii) reorganization of the adsorbed material at the 
interface [30,105]. The former process appears at the lowest fre
quencies, whereas the second one governs the dilation response for the 
highest frequency. The above results were well described by using a 
theoretical model combining a diffusion-controlled adsorption with an 
arbitrary kinetics processes occurring within the interface [30,241,242]. 
For the sake of example, Fig. 15 displays a set of data corresponding to 
the experimental points and the theoretical curve obtained for the 
dilational response in the frequency range 10− 3-103 Hz of a layer of 
CTAB-decorated silica particles at the water/vapour interface [30]. It 
should be stressed that a detailed analysis of the interfacial dilational 
response of CTAB-decorated silica particles evidenced the existence of 
an intricate balance of interactions, mainly electrostatic and hydro
phobic one. This governs the equilibration of the interfacial layers, 
which includes processes involving the exchange of CTAB molecules 
from the particles surface to the water/vapour interface, resulting in a 
modulation of the particle wettability and the inter-particle interactions 
both in the bulk and upon adsorption at the fluid interface [64,80]. 

An important issue to consider in the dilational rheological response 

of layers formed by surfactant-capped particles is the effect of the 
interfacial aging. The interfacial aging leads commonly to a significant 
increase of the dilational elasticity for layers at interfaces between water 
and air or oil [63,105,254]. However, the aging induced rigidification is 
not associated with a change of the interfacial tension. As a conse
quence, once the maximum interfacial coverage is reached, the ex
change of particles between the bulk and the interface is almost 
negligible or occurs through a very slow kinetics [63], which may be 
considered as evidence of the irreversible trapping of the particles at the 
fluid interface. The rigidification process leads to the formation of solid- 
like films at the interface as was evidenced by Brewster Angle Micro
scopy (BAM) imaging [63]. This agrees with the finding by Santini et al. 
[61,64] and Whittby et al. [349] for other surfactant-decorated particle 
systems. It is worth mentioning that the elasticity of the solid-like films 
formed upon interfacial aging is comparable with that what was found 
by Zang et al. [252,274]. 

6.2.1.2. Irreversibly capped colloids. Da et al. [350] have recently stud
ied the dilational rheology of silica nanoparticles silanized by a combi
nation of two silanes (3-glycidyloxypropyl trimethoxysilane and 
dimethyloxydimethyl silane) trapped at air/brine interfaces, finding the 
formation of elastic, yet ductile particle-laden interfaces as result of the 
combination of the adsorption process and the inter-particle in
teractions. This leads in some case to a certain degree of reversible ag
gregation at the interface due to the emergence of weak inter-particle 
attractive interactions. Furthermore, the increase of the interfacial 
coverage increases the strength of the van der Waals, capillary and hy
drophobic interactions, which leads to an interfacial rigidification 
characterized by the increase of the elastic contribution. 

It should be stressed that the complex rheological response found for 

Fig. 15. Wide-frequency interfacial dilational response of silica nanoparticles 
(1 wt%) decorated with CTAB (0.05 mM) at the water/vapor interface as were 
obtained by combination of three different experimental techniques. (a) 
Dependence of the elastic modulus on the deformation frequency. (b) Depen
dence of the viscous modulus on the deformation frequency. The symbols 
correspond to the experimental data and the solid lines to the theoretical pre
diction. Reprinted from Liggieri et al. [30], with permission from The Royal 
Society of Chemistry. Copyright (2011). 
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particles capped with ligands upon trapping at fluid interfaces results 
from the interplay beteween the rearrangements of the particles within 
the interface, and the molecular rearrangaments of the ligands on the 
particle surface as was demonstrated by Huerre et al. [351]. They 
combined GISAXS with pendant drop tensiometry to analyze the orga
nization under compressional stresses of gold nanoparticles capped with 
mercaptoundecyl tetra(ethyleneglycol) at the water/ octafluoropentyl 
acrylate interface, and found a very different role of the rearrangaments 
of the particles and ligands depending on the amplitude of the dilational 
stresses. Thus, for dilational stresses of small amplitude, the change of 
the inter-particle distances can be mainly due to the compression of the 
ligand brush. On the other side, the strain response to dilational stress of 
large amplitude emerges strongly dependent on the compression rate, 
which may be the result of out-of plane reorganizations of the particles. 
Furthermore, the role of the ligand rearrangamentes upon dilational 
stresses of large amplitude is almost negligible because they do not have 
enough time for rearranging or migrating. 

6.2.2. Shear rheology 
The shear response of monolayers at fluid interfaces formed by 

particles capped with different types of ligands has been much less 
explored than that of their counterpart monolayers containing bare 
colloidal particles. Despite this limited attention, several studies have 
pointed out the strong correlations existing between the response of the 
monolayers to shear deformations and flow, and the interfacial 

microstructure and inter-particle interactions. One of the seminal works 
addressing this problem was performed by Orsi et al. [278]. They 
explored the response of monolayers of dodecanethiol capped gold 
nanoparticles at the water/vapor interface against shear deformations, 
and found a mainly elastic response. Such elastic response is charac
terized by the scaling of the mechanical moduli with the interfacial 
concentration, which is characteristic of a percolated network. The 
latter agrees with their previous findings obtained using X-ray Photon 
Correlation Spectroscopy [352]. On the other side, the frequency 
dependence of the complex modulus was found to be described by the 
rheologycal behavior of a soft glass [353], which is a signature of a 
fractal nature of the film, in agreement with the microscopic 
observations. 

Maestro et al. [104] explored the effect of the surfactant concen
tration on the shear response of CTAB-decorated silica particles at 
water/vapor interfaces by combining strain- and frequency-sweep 
oscillatory shear experiments. The strain-sweep shear experiments 
showed that at high surfactant concentrations the monolayers undergo a 
solid-like response below a yield point of a 2D glass, with the shear 
modulus being in the range 0.1-1 N/m, which is similar to that what was 
reported for monolayers of silica particles [252,274]. Furthermore, the 
detailed analysis of the shear response showed that both the storage and 
loss moduli follow a power-law with respect to the frequency which is 
reminiscent of a soft glassy material [353]. On the other side, the 
application of a strain-rate frequency superposition methodology, 

Fig. 16. (a) Sketch of the interfacial assembly of CTAB-decorated silica nanoparticles at a water/vapor. (b) Power-law dependence of the interfacial shear modulus 
on the area fraction covered by particles. (c) Power-law showing the dependence of the shear viscoelastic moduli on the oscillation frequency. The lines represents the 
fitting of the data using a Soft Glass Rheology model. Adapted from Maestro et al. [104], Copyright (2015), with permission from American Chemical Society. 
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similar to that reported by Wyss et al. [354] for 3D rheology, evidences a 
slow relaxation process which was found almost independent of the 
strain-rate amplitude. This was atributed to a transition from a fluid-like 
interface to a solid-like one, similar to that discussed by Zang et al. [274] 
for monolayers of fumed silica with different hydrophobicity. Fig. 16 
shows results obtained for shear experiments of CTAB-decorated silica 
particles at the water/vapor interface. 

The above discussion evidenced that the presence of capping ligands 
increase the rigidity of particle-laden fluid interfaces as well as their 
resistance against deformations [27]. It should be noted that solid-like 
particle-laden interfaces undergo a deformation beyond a yielding 
point upon a shear strain ramp deformation, which leads to a plastic 
flow [276]. The yield stress τ* follows a power law on the interfacial 
coverage (τ*~Γα). The molecular mechanism of such dynamic response 
requires to consider all the particle-level and many-body physics as was 
proposed by Maestro and Zaccone [217]. They introduced a description 
of the response against shear deformations by including the local con
nectivity between particles, and their temporal evolution in terms of 
cage breaking, as well as the dynamics of the microstructural hetero
genity of the elastic response. The combination of the two contributions 
leads to the emergence of non-affine deformations. The power of the 
model was evidenced in the analysis of data from oscillatory shear 
measurements, which requires the use of only two fitting parameters: (i) 
relaxation time of the “cage”, and (ii) viscous relaxation time. Further
more, the model includes an inter-particle spring constant accounting 
for the strength of the interactions between particles, which can be 
controlled by changing the hydrophobicity of the particles, i.e. by the 
amount of surfactant. In summary, the model provides a connection 
between the concept of non-affine deformation, the rearrangaments of 
the local cage and the emergentce of a plastic flow, opening the possi
bility to explain the mechanical response of colloidal particles (both 
capped and uncapped ones) trapped at the water/vapor interface. 

The interfacial shear rheology can be also exploited for evaluating 
the adsorption kinetics of particles at fluid interfaces as was demostrated 
by Maass et al. [355]. They studied the adsorption of silica particles 
decorated with lipids at the water/oil interface which follows a bimodal 
kinetics process, with the characteristic time of the first process being in 
a time-scale close to 1 hour. During the first step, G’ increases due to the 
formation of a layer with strong inter-particle interactions. On the other 
hand, the second step, spanned during several hours, is characterized by 
slight increase of both G’ and G” as result of the accumulation of ma
terial at the interface. The accumulation of material proceeds until the 
steady state is reached, characterized by values of the storage and loss 
moduli of the layers which are several orders of magnitude higher than 
those what are commonly reported for pristine surfactant monolayers 
[249]. 

7. Actuated and active particles confined at fluid interfaces 

In his famous lecture "There's Plenty of Room at the Bottom", Nobel 
laureate Richard P. Feynman was already urging scientists of his and 
later eras to design techniques that would allow precise control of matter 
at the atomic and micrometer scale [356]. More than sixty years have 
passed since those early days, and the advances in this direction have 
been extraordinary, driven by the urgent need to design tiny remotely 
piloted vehicles to transport and protect drugs to where they must be 
released. In this regard, any design must meet three main requirements, 
similar to any microorganism capable of swimming. The first one is that 
the propulsion of the microscopic vehicles must be powerful enough to 
overcome the thermal agitation of the medium. The second requirement 
is that the transport strategies must be adapted to a scale at which the 
frictional forces exceed the inertial forces. This means that directed 
transport requires the continuous application of an external action, and 
that the simplest reciprocal motion, e.g., that used by the scallop to 
propel itself, is completely inefficient, as pointed out by Purcell in his 
famous scallop theorem [357]. The final requirement that these micro- 

submarines must meet is that their shell must be sufficiently robust 
and/or adaptable to withstand the harshness of the intended environ
ment [358]. Despite the explosive development in the study of these 
motile micro and nanorobots, more sophisticated designs with innova
tive functionalities are needed. Modular micro-machines composed of 
cooperative parts, capable of interacting while completing specific ac
tions, capable of propelling in high-velocity flows, physiological con
ditions, or in confined environments, should be designed to perform new 
tasks or provide new medical treatments. 

In this sense, active and actuated particles have proven to be 
essential as building blocks in the design of new dynamic assemblies 
capable of transforming external energy into propulsion and work, with 
new tunable properties and potential applications in engineering and 
biotechnology [359,360]. Active particles convert energy from the 
surrounding medium into propulsion and mechanical work. These sys
tems are completely autonomous, in the sense that they do not require 
any external intervention and are propelling using methods that 
resemble those used by biological swimmers. On the other hand, actu
ated particles can be remotely piloted without disturbing the sur
rounding medium by remotely controlled electric, magnetic and/or 
optical fields. This second type of strategy has the advantage of not 
consuming fuel and being much more switchable. The previous classi
fication helps categorizing different systems and structuring strategies 
discussed in this review, but it must be considered that in some designs, 
both actuation mechanisms are coupled [361]. 

The proximity of a solid or fluid interface has, in most systems, a 
strong influence on the dynamics exhibited by the propellers. For 
instance, hydrodynamic interaction with the fluid interface can trans
form active Brownian motion into circular [362] or rotation into 
translation [363], while colloid adsorption can hinder diffusion, rota
tion and transport [170,364]. Once adsorbed at fluid interfaces, the 
motion of particles is strongly constrained to the interfacial surface. 
Hence, particle-laden interfaces are model systems for the fabrication 
and exploration of new static and dynamic planar assemblies, for the 
study of 2D phase transitions, or for deepening on the behavior of 
active/actuated particles in confined environments [82,365–367]. The 
unraveling of the guiding principles of 2D dynamic self-assembly, and 
the possibility to remotely control and manipulate particles of different 
sizes without disturbing the surrounding medium, are crucial in the 
realization of various approaches for the controlled manipulation of self- 
assembled structures and the fabrication of simple smart monolayer 
surfaces and Pickering emulsions, capable of undergoing remotely 
controllable actuations [368]. Understanding the aggregation of mag
netic particles is also essential for their use in the fabrication of meta
materials [369], separation agents in, e. g., protein purification 
protocols [370], or as cell manipulation operators [371] among others. 
On the other hand, the design of transport strategies along fluid in
terfaces, so far based on the exploitation of interfacial physical effects, 
such as surface waves, magnetocapillary or Marangoni effects, has 
practical implementations in micro- and nanofluidic devices and fluid 
interfaces inherent to all living organisms - tear film, oral mucosa and 
saliva, or those stabilized with lung surfactant [367]. 

7.1. Actuated particles 

7.1.1. Magnetic particles 
Magnetic colloids are often used as model systems in the study of the 

dynamics and hydrodynamics of colloidal suspensions, mainly deter
mined by the translational or rotational motion of the constituent par
ticles [372]. Particles with magnetic properties very different from those 
of the surrounding media are easily manipulated by applying gentle 
magnetic fields, which rarely perturb the medium, in a controlled 
manner, so that the generated flows can be directly analyzed. 

Magnetic particles are usually classified as ferromagnetic or 
superparamagnetic: 
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- Ferromagnetic particles are made up of magnetic fragments of size 
equal to or larger than the typical size of the material domains. These 
particles, once magnetized, present a magnetic moment even in the 
absence of any applied field. If the permanent magnetic moment of 
the particles is large enough, so that the magnetic interaction energy 
is greater than the thermal energy, then they tend to form linear 
structures, rings, or other structures that can reform and reorient in 
the presence of an external field.  

- Superparamagnetic nanoparticles are magnetic grains smaller than 
the typical size of the material’s magnetic domains [373]. In absence 
of any external field, the characteristic fluctuation times of the small 
magnetic grains are smaller than the measuring time, so the 
measured overall magnetization is zero, even when the colloids are 
composite micro-sized particles containing thousands of nano- 
grains. The application of a constant field, however, favors one di
rection along the axis, and the grains acquire a magnetic moment. 
The process is completely reversible, because the magnetic moments 
fluctuate again as soon as the field is switched off, so that the cor
responding magnetization curves do not present hysteresis. In most 
of the experimental studies, superparamagnetic particles are 
magnetized in the linear regime, where the volume susceptibility is 
constant.  

- Superparamagnetic composite particles are colloids, with sizes 
ranging approximately from 100 nm to several micrometers, made 
up of an ensemble of tens of thousands of superparamagnetic grains 
implanted in a non-magnetic matrix, usually silica or a polymer. 
Therefore, the superparamagnetic behavior of the embedded mag
netic grains is transmitted to the composite particle [374]. Under the 
influence of a constant magnetic field, the particles tend to form 
linear structures, bundles and chains, aligned along the field 
direction. 

7.1.1.1. Roto-translational mechanism. If a variable magnetic field H 
(ωf), rotating at an angular velocity ωf, is applied, the torque generated 
tends to align the magnetic moment of the particle with the direction of 
the field, forcing the rotation of the particle as a whole [375]. Hence, 
magnetic particles adsorbed at fluid interfaces can be used as active 
micro-rheology probes, in the analysis of the kinetics and mechanism of 
adsorption, in the study of the effect of 2D confinement on static and 
dynamic self-assembling, or in the design and construction of new 
micro-swimmers, capable of propelling while confined along the inter
facial surface. 

When the microsphere rotates around an axis parallel to a near 
interface, the variation of the friction coefficient with distance from the 
boundary favors coupling between rotational and translational motions 
[376]. In the above experimental setup, the boundary conditions 
determine both the direction of transport and the efficiency of the 
rotational-translational mechanism. The described mechanism has been 
widely used in the design of isolated or self-assembled micro-rollers 
capable of propulsion in confined environments and physiological 
conditions, in the vicinity of solid and fluid interfaces [363]. The overall 
hydrodynamic flow, generated by the spinning particle but rectified by 
the nearby interface, can be used to propel the spinning particles, 
sometimes following cooperative strategies, and to transport nearby 
passive objects adsorbed at the interface. The described method, widely 
used in the transport of superparamagnetic and ferromagnetic beads, 
can be easily generalized to other rotating particles, including those 
subjected to rotating electric or optical fields, made up of different 
materials, coated with different molecules, and floating over different 
fluid-fluid or solid-fluid interfaces. The effect of rotating magnetic fields 
on the plane perpendicular to the interface was demonstrated to induce 
the creation of propelling chains [363] —worms— and carpets [377] of 
magnetic colloids. 

7.1.1.2. Adsorption of magnetic colloids at fluid interfaces. The adsorp
tion of the magnetic particles on the fluid interface usually requires of 
the addition of small amount of salt or surfactant, which screen the 
electrostatic repulsion between particles and interface. Furthermore, it 
can be promoted by the action of gravity or an external field gradient. If 
a particle passes above the repulsive potential defined in Section 4, and 
adsorbs at the fluid interface, then its rotation requires a deformation of 
the fluid interface [364], which is often pinned to the particle surface 
heterogeneities [86,170]. When the fluid-fluid interfacial tension is high 
enough, such interfacial deformation becomes energetically very 
expensive as soon as the particle crosses the interface several nanome
ters. In addition, the contact line fluctuation is linked to a dissipative 
torque that also acts against the induced particle rotation, so that the 
dissipative force associated with the contact line fluctuation also reduces 
the rotational and translational diffusion coefficients of the adsorbed 
particles, even when the viscosity of the entering medium is lower 
[170]. Due to these impediments in rotation around the axes parallel to 
the fluid interface, the adsorbed particles no longer exhibit coupled roto- 
translation. 

7.1.1.3. Static and dynamic structures of adsorbed magnetic particles. In 
dynamic self-assembly, the interactions responsible for the formation of 
structures or patterns between components only emerge when the sys
tem is dissipating energy [214]. In magnetic colloidal dispersions, dy
namic self-assembly occurs when the field frequencies are sufficiently 
low that the particles or their assemblies can couple to the dynamic field 
vector [378]. Under spatially coherently fluctuating magnetic and 
electric fields, colloidal magnetic and dielectric particles were predicted 
to self-assemble into complex structures [213,363,379,380]. The time- 
averaged action of the time-dependent fields gives rise to an effective 
interaction with attractive and repulsive domains able to generate 
chains, membranes and colloidal foams. The application of time varying 
magnetic fields develops dynamic self-assembled structures that span 
from unstable fronts, flocks and ribbons of ferromagnetic micro-rollers 
[381], microtubes of ferromagnetic Janus particles [382] or worms, 
walkers, carpets and sheets of superparamagnetic colloids 
[213,363,379,380]. 

For particles of sizes larger than tenths of nanometers the adsorption 
energy is typically more than thousands of kBT, thus, once adsorbed, 
they remain tightly confined at the fluid interface. In this context, the 
combination of the tunable and confined character of super
paramagnetic particles adsorbed at a fluid-fluid interface make them 
model systems for the engineering of smart static and dynamic planar 
structures, with no 3D counterpart. The formed structures, strongly 
determined by the relative orientation between the applied field and the 
confining interface, can be used in the study of 2D phase transitions, 
melting processes, crystallization, etc. or in the design of interfacial 
microswimmers. 

7.1.1.3.1. Static self-assembly of adsorbed magnetic particles. When a 
constant magnetic field is applied perpendicular to a laden planar fluid 
interface, the induced moments of the adsorbed magnetic particles are 
also oriented perpendicular to the confining boundary. In this configu
ration, the interparticle interactions are repulsive, and neighboring 
particles tend to separate. If the surface density is high, then the particles 
try to maximize the interparticle distance, forming 2D hexagonal 
structures that exhibit an algebraic decay of the translational order and a 
long-range orientational order [383]. As the field strength decreases, the 
interaction of the particles decreases and the lattice undergoes a 
continuous melting transition through the three phases predicted by the 
Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory (see Sec
tion 5.1.1.1) [224]. The limitation in system dimensions also has pro
found effects on the glass transition [384]. In fluid interfaces laden with 
different sized magnetic particles, the increase of the field strength 
promotes the formation of glassy structures with no long-range order 
and arrested dynamics, together with different types of 2D quasi- 
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crystallites [383]. In all these processes, the applied field plays the role 
of an effective inverse temperature. 

If the applied field is oriented parallel to the interface, the induced 
magnetic moments are nearly coplanar with the confining surface and 
the particles form trapped structures aligned along the imposed direc
tion, with complexity depending on the applied field strength and 
monolayer concentration [385]. At intermediate particle density and 
field amplitude, the equilibrium state consists of linear aggregates of one 
particle thickness. The emerging interactions between the induced 
linear aggregates depend on the distance between them, but also on the 
chain lengths and the relative displacement along the chain direction. 
However, in most possible configurations, the magnetostatic potential 
between two parallel chains presents a minimum attraction along the 
lateral direction at short range, when the two chains are almost in 
contact, followed by an energy barrier and a repulsion region at long 
range. The energetic barrier is located at a characteristic length, the 
escape distance, which increases with chain length [386]. As the area 
fraction increases, the chains are closer together, so some of them are 
forced together by a zipper mechanism and form ordered hexagonal 
bundles of zippered chains, in which the particles of adjacent chains are 
arranged out of register by a distance of radius [385]. 

Tilting the applied field with respect to the confining surface can 
transform the hexagonal order of the floating crystals into metastable 
structures with other planar crystal symmetries, such as oblique, 
centered-rectangular, rectangular and square lattices [383], and pro
mote the unzipping of chains laterally aggregated [211]. The unzipping 
propagation is consistent with an Arrhenius process, in which one of the 
constituting particles jumps over an energy barrier, before entraining 
adjacent particles in the chain. Throughout this process, the chains 
maintain their integrity as they continue separating along the perpen
dicular direction. The subsequent increase in the slope of the applied 
field results in the partial fragmentation of the chains, the gradual 
separation of the monomers, and finally the abrupt colloidal explosion. 
In this system, the different dismantling mechanisms are reversible and 
are mainly governed by the tilt angle, but are also strongly influenced by 
thermal energy, particle contact angle and local magnetization [387]. 
When the number of adsorbed particles is small, then the particles form 
finite aggregates, that can be used in the study of border and confine
ment effects [209,218]. Due to the super-paramagnetic character of the 
components, all the described structures are stable only under the 
presence of the external field, while immediately disintegrate due to 
thermal fluctuations once the applied field is switched off. 

7.1.1.3.2. Dynamic self-assembly of adsorbed magnetic particles. 
Floating magnetic particles have been widely used in the bottom-up 
fabrication of novel and disparate dynamic self-assemblies, strongly 
determined by the size and magnetic character of the particles, the ge
ometry and dynamics of the applied field, and the rheological properties 
of the comprising fluids. In pioneering work, Grzybowski et al. used 
millimeter-sized magnetic disks adsorbed on a liquid-air interface, and 
rotating synchronously with the applied field, to study the formation of 
various dynamic structures [214]. The latter, resulting from the equi
librium between hydrodynamic repulsion and averaged magnetic 
attraction, were strongly determined by the geometry and chirality of 
the spinners [388]. In a different work, rotating ferromagnetic micro
discs with cosinusoidal edge-height profiles, confined by an externally 
applied magnetic potential and subjected to a rapidly rotating field, 
were assembled and disassembled in different configurations dictated by 
the directionality of capillary interactions, which were ultimately 
determined by the profile of the particles and the rotational speed of the 
applied field [389]. Snezhko et al. reported snake-like structures formed 
by antiferromagnetically aligned segments, themselves composed of 
ferromagnetic microfloaters. These objects self-assemble dynamically, 
upon application of an oscillating field perpendicular to the air/water 
interface, through coupling between surface waves generated at the 
fluid interface and magnetic interactions [365]. At the liquid-liquid 
interface, the oscillating chains generated a hydrodynamic flow in 

both media that promoted the formation of aster-like structures, orga
nized in 2D periodic arrays at sufficiently high surface concentrations. 
When energized with an in-plane alternating field, the particles formed 
monolayers of equal-sized spinners, single-particle-thick linear aggre
gates, and pulsed clusters [390]. 

Under low frequency planar rotating fields Melle et al. showed using 
a microscopic model that paramagnetic microparticles on a plane 
formed rotating chains of given length and shape as a balance of mag
netic dipolar interactions and hydrodynamic drag [391,392]. Abdi et al. 
extended the analysis to high frequency fields, where —they showed— 
the chains break and can form clusters, using computer simulations of a 
microscopic model in the overdamped regime with hydrodynamics 
treated in the far-field approximation [393]. In these high frequency 
conditions, the application of in-plane rotating fields at the confining 
interface induces an attractive interaction between adsorbed magnetic 
particles, which ultimately promotes dynamic self-assembly into finite 
hexagonal lattices. Under external magnetic fields rotating on the plane 
of a fluid-fluid or solid-fluid interface at high frequencies, paramagnetic 
colloids were shown to form 2D structures with different morphology 
depending on the polarization of the external actuation, as rationalized 
in terms of effective averaged particle-particle interactions. Circularly 
polarized fields were shown to form isotropic clusters —carpets— and 
crystals of rotating particles [394], whereas elliptically polarized fields 
can generate both chains and carpets depending on the ellipticity of the 
actuation [394]. The inclusion of a component perpendicular to the 
confining boundary induces the transition from planar carpets to sepa
rate chains, capable of transporting passive charges through the flow 
generated by the rotating constituents [211]. 

7.1.1.3.3. Magnetic interfacial swimmers. Some of the dynamic self- 
assemblies, formed from the equilibrium of viscous, inertial, capillary, 
and magnetic forces, can be used as models of numerous intriguing is
sues, such as the organization in biological structures or the transport of 
matter in the low Reynolds number regime [395]. In bulk, the main 
strategies are based on local generation of flow fields through forced 
rotation of non-perfectly symmetric objects, helical shapes in most de
signs that mimic some existing natural systems, the roto-translation 
coupling strategy described above, and the controlled actuation of 
flexible filaments. On the other hand, controlled transport of micro
particles along fluid interfaces has traditionally been induced through 
strategies that make use of auto-phoresis, capillarity phenomena, or 
spatial symmetry breaking. For example, the interfacial snake and aster 
structures described above spontaneously break spatial symmetry at 
relatively high field frequency, inducing unbalanced surface flows that 
lead to propulsion and can be used to transport passive charges. At low 
frequency, it is the presence of a nearby non-magnetic object that in
troduces the imbalance of the generated fluxes necessary for propulsion 
[396]. In asters, the latter can be generated by applying an in-plane 
magnetic field, which promotes the formation of asymmetric extended 
objects [365]. 

Using a different strategy, Lumay et al. exploit the balance between 
field-induced dipole repulsion and capillary attractions to generate 
propulsion [209]. In the proposed design, three magnetic millimeter 
spheres adsorbed on a planar water-air interface were energized by both 
a vertical field and an in-plane oscillating field, so the three spheres form 
a sequence of triangular configurations that satisfy the time reversibility 
breakdown required in the low Reynolds regime. At moderate values of 
the Reynolds number, the energized arrays formed by particles of 
different sizes follow a non-reciprocal deformation sequence, as the one 
described by the Najafi-Golestanian microswimmer [397]. Larger mag
netocapillary arrays showed metachronal waves at the periphery when 
subjected to a precessing magnetic field [398]. Recently, Fei et al. 
applied static or time-varying fields to force magnetic Janus particles 
adsorbed on curved fluid interfaces to move to the zones where the 
magnetic moments align parallel to the field [399]. 

Other alternative propulsion strategies do not rely on the use of 
hydrodynamic interactions. In these, adsorbed or non-adsorbed colloids 
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are transported by the action of a moving magnetic potentials generated 
by a variety of self-assembled structures of magnetic particles. The 
adsorbed magnetic colloids can be collectively transported across 
modulated energy landscapes generated by dynamic self-assembled 
monolayers of differently sized particles, located at different positions 
with respect to the interface [9]. On the other hand, the subtle balance 
between magnetic and viscous torques allows the transport of the sub
merged colloids under straight tracks of adsorbed particles, which 
function as if they were microassembly lines or Tyrolean traverses 
[400]. 

7.1.2. Dielectric colloidal particles adsorbed at a fluid-fluid interface under 
the action of an external electric field 

The response of adsorbed colloidal particles at a fluid interface to an 
electric field depends on the strength and frequency of the field, as well 
as on the dielectric properties, electrical conductivity and geometry of 
both the particles and the surrounding media [401]. The use of an 
electric field to manipulate colloids and induce self-assembly has some 
advantages, compared to magnetic field, since the strength and fre
quency of the former are more tunable, both spanning on several orders 
of magnitude. However, electric fields, especially DC fields, can cause 
Faradaic reactions and electrical breakdown that can degrade the sam
ple [402]. Moreover, the implied results are more difficult to interpret, 
as the electric field interacts with particles, the surrounding media and 
mobile and immobile charges [403] -consider, for example, the 
controversial discussion around the long-range interaction described by 
Nikolaides et al. [404] and Aveyard et al. [189]. To avoid, at least 
partially, these impediments, high-frequency AC electric fields are often 
preferred [405]. 

In the presence of a uniform electric field, charged particles sur
rounded by an electrolyte are pushed by the field towards the oppositely 
charged electrode, in a process called electrophoresis [406]. If the 
applied field is not uniform, which can be promoted or stressed by the 
proximity of the fluid interface, and the dielectric constant of the par
ticle is different from that of the surrounding media, then the particle 
experiences a dielectrophoretic force resulting from the electric stress 
acting on the particle surface [407]. In addition, particles exhibit dipole- 
dipole interactions that promote the formation of field-induced chains, 
bundles and 2D lattices at fluid interfaces, while anisotropic particles 
undergo field-induced alignment [405]. At low frequency, the interac
tion between the applied field and the polarization of the ionic double 
layers surrounding the particles can also give rise to nonlinear electro- 
osmotic flows [408]. All emerging phenomena have been widely used 
to generate controllable Janus droplets [406], to separate particles on 
the surface of droplets [406], in the destabilization of Pickering emul
sions, or to desorb particles from fluid interfaces [409]. On the other 
hand, the applied field can induce free charge accumulation at interfaces 
and local electrical stresses, coupled to interface deformation and flow 
generation of either fluid [410]. These electrohydrodynamic flows have 
also been used extensively in the collection and transport of adsorbed 
particles at fluid interfaces [402,405]. When charged particles adsorbed 
at a fluid interface are upon the influence of an external electric field, the 
interface deforms via the electro-dipping force that emerges from the 
interaction between the surface charge of the particles and the two 
media. The vertical component of this force, positive or negative 
depending on the dielectric constant and particle contact angle, is 
balanced by interfacial tension [411], while the lateral interaction be
tween two adsorbed particles is always repulsive [412]. 

To our knowledge, all studies concerning adsorbed dielectric parti
cles subjected to the action of external electric fields have been per
formed on Pickering droplets, but none of them have been carried out on 
planar charged interfaces. Only in the electrocapillary wave technique is 
an external AC electric field applied locally through a knife-edge elec
trode placed just above the interface. However, the field is not used here 
to arrange or transport adsorbed colloidal particles, but to excite the 
fluid interface in a Langmuir trough, and measure the rheological 

properties of the laden particle interfaces [30]. In a similar experimental 
setup, recently designed by Jia et al., the application of the external field 
triggers charge injection, allowing modulation of the charge-induced 
repulsive force, along with the corresponding reversible induction of 
the repulsion-dominated colloid assembly or dispersion of aggregated 
particles [413]. 

7.1.3. Active particles 
Active systems, those that can convert convert chemical [414], 

thermal [415], or electromagnetic [416] energy into mechanical pro
pulsion, are present at a wide range of scales, in assemblies of living 
organisms such as bacterial colonies and bird flocks or in collectivities of 
artificial components. In the last decade, the manipulation of active 
colloids has generated significant experimental and theoretical atten
tion, because the study of self-propelled microparticle suspensions opens 
the door to the understanding of systems far from equilibrium and to the 
development of disruptive technologies. The self-propulsion capability 
of synthetic chemical powered active colloids is supported by different 
mechanisms, from induced-charge electrophoresis [408], or bubble 
propulsion [417], to catalytic local reactions and self-phoresis [380]. In 
autophoresis, a chemical reaction is catalyzed at the particle surface, 
leading to the generation of asymmetric gradients (thermal, surface 
tension, ionic and/or chemical) around the particles. The occurrence of 
these gradients, which may be coupled to each other and/or induced by 
an external field, such as a light source, ultimately leads to the move
ment of the particle relative to the solution, due to the action of phoretic 
forces and the triggering of hydrodynamic flows [418]. These induced 
flows can also be used to generate long-range hydrodynamic attractions 
that trigger the assembly of microscale particles [372]. In these exper
iments, the inherent asymmetry of Janus microbeads, spheres consisting 
of two different (chemically or thermally) active and passive material 
faces, is often used to promote a preferred direction of motion. 

Active particles have potential applications in the engineering of 
smart lab-on-a-chips, in the transport of drugs [419], cells [420], pol
lutants [421] or cargoes [422], in the detection of chemicals as well as in 
the study of active crystals and glasses [423]. In these systems, indi
vidual particle active motion is coupled to Brownian rotational diffu
sion, similar to what is observed in run-and-tumble systems, while the 
collective behavior exhibits a variety of complex phenomena, such as 
local clustering [424], melting of clusters [425], swarming [416], active 
self-assembly [426] as well as segregation of active and passive species 
[427], mimicking on many occasions the collective behaviors exhibited 
by many biological systems. All these phenomena can be to some extent 
controlled using magnetic [361] and optical fields [428] or by modi
fying the swimmer geometry. Ensembles of active particles dispersed in 
a fluid, near fixed obstacles [429] or a solid-liquid interface [430], 
where particles exhibit alignment interaction [431] and circular tra
jectories [432], have been widely studied in the last years, and 
numerous reviews of the subject can be found in the literature [380]. 

7.1.3.1. Active particles adsorbed at fluid interfaces. Fluid-fluid in
terfaces are often ignored in most fundamental research, even though 
they are present in many real systems. However, the dynamics of pho
retic colloids is particularly sensitive to the proximity of solid and liquid 
interfaces [8,38]. Proximity of a fluid interface induces orientation of 
the active particles laterally and propulsion parallel to the interface, 
allowing for a robust guidance mechanism along the fluid interface 
[433], while restricting rotation out of the swimming plane [434]. The 
hydrodynamic interaction with the fluid-fluid boundary favors the 
appearance of circular trajectories, like those observed for solid in
terfaces, but in the reverse direction [362]. 

When trapped at a fluid interface, active Janus particles exhibit 
strongly enhanced persistence length and velocity, compared to those 
observed in the bulk [418], due to the implicit constraints of particle 
reorientation, slowed down due to local pinning of the three-phase 
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contact line [185,430]. The above constrictions lead, in some cases, to 
circular trajectories that deviate significantly from random rectilinear 
motion by Brownian rotational motion [435]. Since the rotation of the 
particles about the axes tangent to the interface is strongly hindered by 
local pinning of the three-phase contact line and the capillary forces, the 
motion of active Janus particles is strongly determined by the fastened 
orientation of the particle with respect to the fluid interface, resulting in 
heterogeneous populations of non-moving and moving particles [430]. 

The activity of adsorbed particles often induces local surface tension 
gradients, which give rise to Marangoni stresses. Marangoni surfers use 
external energy inputs or chemical reactions to create local gradients of 
temperature and surfactant concentration, propelling themselves at high 
velocity toward regions of higher surface tension, along directions 
partially determined by the symmetry of surfers [418]. In principle, 
Marangoni navigation requires asymmetries in the surface tension 
gradient of the interface around the particles. However, even symmetric 
particles exhibit rapid translational and rotational motions when placed 
at a water-air interface, generated by a convective instability that pro
vokes the spontaneous rupture of the initial axial symmetry. In the 
above systems, the propulsion mechanism is strongly dictated by the 
degree of exposition of the catalytic surface to aqueous phase [418]. The 
interplay between motility, capillary interactions and induced Mar
angoni flows promotes in some systems instability and rupture of thin 
films [436], while in others it favors the existence of self-assembled 
dynamic and stationary states [437,438]. In another type of experi
ments, where micro-sized floating objects are illuminated with light, the 
applied radiation is adsorbed by the Janus particles and converted into 
mechanical work thanks to the coupling between the temperature and 
surface tension gradients. The micro-machines powered through this 
mechanism have the advantage of being long-lived and easily switch
able, while the linear and angular velocities are easily controlled by the 
laser power and the surfactant concentration at the interface [418]. 

7.2. Theory and simulation of dynamic self-assembly 

The self-assembly of colloidal particles at liquid-liquid interfaces can 
occur as a result of a wide range of processes and interactions, both in 
equilibrium and out of equilibrium. From a theoretical standpoint, sys
tems in thermodynamic equilibrium have been thoroughly studied over 
many years and are understood using classical concepts of thermody
namics and statistical physics, requiring the minimization of the 
appropriate thermodynamic potential of the system. At least in princi
ple, the knowledge of interparticle interactions allows us to program the 
most stable structures that will be spontaneously formed by self- 
assembly. 

Here we focus our attention on the theoretical description of ag
gregation processes at interfaces that occur out of thermodynamic 
equilibrium, be it by actuation with external fields or due to collective 
processes stemming from individual consumption of energy from the 
environment. A common general theoretical framework which dictates 
the emergence of such self-assembled structures and their properties is 
still missing. In search for a deeper understanding of such phenomena, 
on the one hand microscopic models have been developed to analyze 
and characterize non-equilibrium structures. On the other hand, 
numerous investigations have been devoted to find a thermodynamic 
principle to characterize the emergence of steady structures out of 
equilibrium. 

7.2.1. Self-assembly under time-dependent external fields 
In the previously noted work of Grzybowski and co-workers [214], 

the dynamic structures formed by rotating ferromagnetic disks at a fluid 
interface were explained as a process governed by the equilibrium be
tween magnetic particle attraction and hydrodynamic repulsion with 
inertial effects [439]. These systems were also investigated using 
magneto-hydrodynamic models defined through boundary value prob
lems [440]. The method uses the Navier-Stokes equation, which 

includes multi-body interactions exerted on the fluid due to the rotations 
of magnetic particles. The numerical solution of the model permitted the 
calculation of the energy dissipation rates of the self-assembled steady 
states of rotating particles. In Ref. [441], the sole effect of hydrody
namics on the collective behavior of spinning discs was studied with the 
help of simulations of fluid particle dynamics, a technique that allows to 
properly account for hydrodynamic interactions between particles. The 
authors concluded that hydrodynamics alone can generate a rich phase 
behavior of spinners, including a fluid state, clustering, hexatic ordering 
and glassy states [441]. The formation of clusters of spinning magnetic 
particles at liquid-liquid interfaces was also investigated using Lattice 
Boltzmann simulations, which properly accounts for the hydrodynamics 
(of an incompressible flow) generated by the rotating particles [442]. 
Using this technique, they demonstrated that hydrodynamics can cause 
the separation into a particle-rich region and a particle-poor region 
[442]. Götze and Gompper analyzed the effects of confinement on the 
assembly and dynamics of magnetic discs driven by a rotating field using 
multiparticle collision dynamics simulations, which naturally includes 
both hydrodynamics and thermal effects [443,444]. 

As mentioned previously, Snezhko et al. [365,396,445] also 
demonstrated that the coupling between the collective response of 
ferromagnetic colloidal particles under alternating magnetic fields and 
the surface waves generated at liquid-air interfaces is responsible for the 
formation of dynamical self-assembled dynamical patterns. The struc
ture and dynamics of such structures was theoretically described 
through both a continuum phenomenological approach and also a 
microscopic model which couple the dynamics of surface waves with the 
Navier-Stokes equations for the flow [445]. It was shown later on that 
such structures could be used as self-propelling agents [396]. The 
transport on self-assembled dynamical structures was also studied in the 
work by Martínez-Pedrero et al. [446], where Brownian dynamics 
simulations were used to investigate the dynamics of two types of 
superparamagnetic particles of different size in a fluid-fluid interface 
under precessing fields. The authors demonstrated that under such 
actuation, self-assembled lattices formed by one type of particle could be 
created and, simultaneously, transport of the other type could be 
established from node to node of the lattice. 

7.2.2. Clustering and phase separation of active particles 
So far, the theoretical modelling of active particle systems used to 

study their collective emergerging effects, e.g., self-assembly, has been 
mostly done considering highly simplified models. In these models, 
hydrodynamic interactions are often neglected or considered in an 
effective manner, and in most cases the systems considered are restricted 
to move on a plane. However, some of the conclusions drawn from these 
studies should be general, in the sense that they should be applicable to 
processes where such restrictions are not imposed, and have been used 
to predict and interpret experimental behavior of active particles at 
liquid interfaces. 

The sole capacity of particles to self-propel was shown to induce the 
formation of dynamic clusters (living crystals), even if their mutual in
teractions are repulsive and no alignment interactions are included 
[447–450]. This is reflected in long-lived density fluctuations and 
anomalous clustering. While a system of N passive particles in a volume 
V exhibits number fluctuations of ΔN ~  √ N, the number fluctuations in 
active particle systems scales as ΔN ~ Nα, where α can become of order 1 
in two dimensional systems [451,452]. The principle of such cluster 
formation can be explained qualitatively. Active particles follow a 
diffusive dynamics with long persistence length in absence of other 
particles. When they collide with other particles their velocity is reduced 
due to excluded volume interaction, since it impedes motion induced by 
the active force. If the characteristic time to reorient and escape from the 
collision is larger than the characteristic time to encounter another 
particle clustering will occur. 

In fact, self-mobility alone was shown to induce the separation of 
particles into a dense and dilute fluid phases (Motility Induced Phase 
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Separation, MIPS). This athermal transition was suggested by Tailleur 
and Cates [447] using theoretical arguments on a one-dimensional 
system and later on it was shown using computer simulations of discs 
moving in a 2D plane [448–450]. Experimental evidence of clustering 
and phase separation of such active systems was given later on 
[453,454]. The nature of the transition to the mobility induced phase 
separated state has been widely investigated from a theoretical perse
pective [447,455–461]. In case of active brownian particles with no 
alignment interactions, the pressure exerted by the system was 
demonstrated to be a state function independent of the interaction with 
the walls [455–457], and pressure-volume non-equilibrium phase dia
grams were obtained. The MIPS transition was found to satisfy the 
characteristic properties of an equilibrium first-order liquid-gas phase 
transition [461]. The origin of phase separation was attributed to me
chanical [455,456] and diffusive instabilities [447,459,460]. To control 
the size of the dynamic clusters, systems of active brownian particles 
moving on a plane and interacting through a short range attraction and a 
long-range soft repulsion have been studied using computer simulations 
[462]. 

In practice, most active and actuated particles used in experiment 
develop aligning interactions both with other particles and the container 
walls. These can be originated, for example, from hydrodynamic in
teractions [463], steric interactions for geometrically anisotropic par
ticles [464], or electrostateic interactions [416]. Such interactions can 
lead to the emergence of swarming collective motions of particles, as 
demonstrated by analysis of the Vicsek model [465] and generalized 
versions of it. In these models, the direction of an active particle is 
determined by the average direction of the neighboring particles and a 
phase transition is obtained at high enough concentrations from a fluid 
of isotropically directed particles to a state where all particles move in 
the same direction in the form of bands [466,467]. Solon and co-workers 
demonstrated that systems of active particles with aligning interactions 
cannot be described by an equation of state, since the pressure that they 
exert depends on the specific nature of the interaction with the wall, 
which is not a function of state [457,458]. This result evidences the 
difficulty of building a general theory to describe the macroscopic out- 
of-equilibrium behavior of active particle systems. 

7.2.3. Seeking a principle for non-equilibrium self-assembly 
In equilibrium, the self-assembly of a subset of particles of the system 

occurs as a process to minimize the overall free energy. For self-assembly 
processes out of equilibrium there is a constant energy dissipation and 
entropy production and in general there is not a thermodynamical po
tential which becomes a minimum at steady states. In this context, the 
quest for a general thermodynamic criterion to predict the evolution of 
non-equilibrium systems and identify steady states —in particular self- 
assembled states— has motivated a great number of investigations 
over the years. 

In analogy to the second law of thermodynamics, Onsager proposed 
the principle of least dissipation to understand the evolution of non- 
equilibrium systems [468]. Built upon the seminal work of Rayleigh, 
Onsager formulates his variational principle in terms of a dissipation 
function which contains the rate of change of entropy and the hydro
dynamic dissipation. Onsager’s principle has been very influential over 
the years, with recent applications being discussed [469]. 

Based on Onsager’s work, Prigogine introduced the minimal entropy 
production theorem to understand steady states out of thermal equi
librium. This theorem asserts that in systems out of equilibrium the rate 
of production of entropy is a minimum [470]. In dynamical self- 
assembled states of particles, this theorem would constraint the 
possible structures in the steady state to those which dissipate the least 
amount of energy and consequently minimize the rate of entropy pro
duction. The theorem is derived in the linear regime where Onsager’s 
reciprocal relations hold, and under the assumption of local thermody
namic equilibrium [470]. However, most of non-equilibrium steady 
structures, including those of particles at interfaces under time- 

dependent actuations, occur far from thermal equilibrium and the the
orem cannot be applied. In particular, Grzybowski and co-workers 
studied experimentally how dissipation dictates the selection of given 
non-equilibrium structures of rotating magnets at an interface, and 
concluded that the system does not always evolve into the least dissi
pative structure, minimizing the entropy production as the minimum 
entropy production claims. Rather, they observed the existence of 
alternative more dissipative structures although with a probability 
which decays exponentially with the dissipation rate [471]. To under
stand steady states far from equilibrium where local thermodynamic 
equilibrium cannot be applied, Evans and Baranyai proposed an alter
native approach in terms of an alternative variational principle [472], 
although it was found to be only approximately valid [473] 

Other approaches have attempted to describe non-equilibrium sta
tionary states using extensions of the concept of entropy. Dewar inves
tigated the emergence of non-equilibrium self organization processes 
using Jaynes’ formalism of statistical mechanics [474,475], based on the 
path information entropy SI = −

∑
ГpГ log pГ. Here, Г represent the 

microscopic phase-space paths, with probability pГ, and the sum extends 
to all possible paths [474,475]. Attard formulated a theory to describe 
non-equilibrium stationary states introducing a second entropy or 
transition entropy, defined in terms of the number of molecular con
figurations associated with a transition between macrostates at a given 
time [476]. The author then argues that the nonequilibrium steady 
states of systems under fixed thermodynamic gradients are defined by 
the maximization of this entropy, providing the optimum rate of change 
or flux in a given system. 

Recently, Arango-Restrepo et al. [477,478] investigated the forma
tion of self-assembled structures under non-equilibrium conditions. 
They show that the architecture of the formed structures is determined 
by the entropy production in the process of formation. Furthermore, 
they demonstrate that such structures are characterized by being 
extreme values of the entropy production as a function of a structural 
parameter, and test their findings against experimental results of gela
tion processes and of Liesgang ring formation [477]. The same authors 
proposed a criterion to identify the formation of self-assembled struc
tures under nonequilibrium conditions [478]. They propose an effective 
potential function which takes into account the energy required to 
change the configuration of the system and its stationary probability. 
Using a phenomenological approach, they determine that the effective 
potential becomes a minimum at the stationary structures formed by 
self-assembly in nonequilibrium conditions. The criterium is success
fully tested against experiments of Liesgang rings formation and also 
against experiments of self-assembly of colloidal particles at interfaces 
under time-dependent field actuations. In particular, they show that the 
minimization of the effective potential can predict the most stable 
structure given an external actuation [478]. 

8. Potential applications of particle-laden fluid interfaces 

Colloidal particles confined at fluid interfaces offer many opportu
nities on the design of materials. From a practical perspective, the sta
bilization of interfaces by using particles allows obtaining emulsions and 
foams with enhanced stability in relation to those stabilized by molec
ular and polymer surfactants. The combination of quasi-2D confinement 
of particles adsorbed at fluid interfaces with the advances in the syn
thesis of new colloids, makes possible to take advantage of the micro
scopic complexity of colloidal interface-dominated materials for the 
design of new functional materials with tunable macroscopic properties, 
which can open new avenues in different technological applications 
[44]. 

The controlled and guided exploitation of particle-laden fluid in
terfaces requires addressing the relationship existing between different 
correlated aspects, such as the characteristics of the particles, the degree 
of adsorption, the structure of the emerging assemblies and their mag
netic, electrical or rheological properties. Some examples of the 
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potential applications of particle-laden interfaces are given in this sec
tion, while more specific details can be found in the literature 
[1,2,41,285]. 

8.1. Particles at fluid interfaces for the stabilization of emulsions and 
foams 

The correlation between the interfacial properties of particle-laden 
fluid interfaces, and their ability to stabilize emulsions and foams 
emerges as a very important issue in different technological and in
dustrial fields, ranging from the design and manufacture of new food 
and cosmetics products to wastewater or oil recovery treatments 
[19,20,100,237]. The use of particle-laden fluid interfaces for the sta
bilization of dispersed systems is widespread because they provide novel 
rheological properties to the fluid interface. As a consequence, they 
improve long-term stability in foams and emulsions because of the 
reduction of the interfacial area upon the quasi-irreversible trapping of 
particles, and the mechanical stability provided by the formation of a 
rigid protective shell overlaying the external surface of droplets or 
bubbles, which contribute to hinder, at least partially, the different 
destabilization processes occurring in dispersed systems, e.g., creaming 
(or sedimentation), flocculation, coalescence, and Ostwald ripening 
[14,479]. Therefore, it is possible to assume that the stability and 
properties of emulsions and foams are closely correlated to the interfa
cial and mechanical properties of single particulate interfaces, and that 
the layers of adsorbed particles help to dampen the external mechanical 
perturbations and thus contribute to minimize destabilization and 
rupture events of dispersed systems [100,280]. 

Currently it has become obvious that the increase of the surface 
density of particles adsorbed at fluid interfaces is critical for the 
enhancement of the stability of emulsions and foams [295,480]. Pro
cesses such as jamming and clogging of colloidal monolayers may induce 
an arrest of the interfacial dynamics, which in turn minimizes the 
coarsening processes due to the reduction of the interfacial tension, and 
enhances the interfacial stability. The stability of emulsions and foams is 
also associated with the rheological properties of the layers 
[58,59,236,237,481]. Thus, at high interfacial coverages, strong inter- 
particle interactions tend to promote the formation of particle-laden 
interfaces with a mainly elastic behavior, controlling the film thinning 
phenomena [482]. According to the Gibbs criteria, which define the 
stability of dispersed systems in terms of the ratio between the interfa
cial tension and elasticity, emulsions and foams are stable only when ε’ 
> γ/2. However, this criterion only applies to emulsions and foams 
formed by spherical droplets or bubbles [236]. 

The close correlation between stability and surface rheology was 
confirmed by Sullivan and Kilpatrick [483], who found that the for
mation of rigid, stagnant particle films via the formation of particle 
bridges, especially when the interfacial coverage is relatively low, re
sults in dispersed systems with increased stability. Besides, the forma
tion of particle zips between close interfaces helps droplets or bubbles to 
aggregate forming stable flocs, avoiding, at least partially, the coales
cence phenomena [238,480]. The increase of both the shear viscosity 
and the dilational moduli also plays an important role in the control of 
the drainage phenomena, which are especially relevant for the stability 
of foams [296]. The impact of the latter is clearly shown in the studies by 
Cervantes-Martínez et al. [481]. They found that the resistance against 
compressive stresses presented by particle-laden fluid interfaces mini
mizes shrinkage of small bubbles and improves foam stability. Despite 
the extensive research efforts on seeking correlations between the 
dilatational rheological properties of particle-laden interfaces and their 
ability for dispersed system stabilization, the current understanding is 
far from clear, as evidenced by the studies by Santini et al. 
[4,60,61,107]. They found no correlation between the stability of 
dispersed systems and the rheological response of the single interfaces. A 
similar conclusion was reached at when fluid interfaces are stabilized 
with layers of silica nanoparticles decorated with palmitic acid 

[61,106]. The above mixture leads to the formation of very rigid in
terfaces, with very high values of dilational viscoelastic modulus (> 100 
mN/m). However, this is not enough to ensure the stabilization of the 
foams [61]. A different study showed no correlation between the sta
bility of emulsions stabilized by the above mentioned mixtures and the 
properties of the single water/oil interface [106]. 

The potential role of the dilatational modulus in controlling the 
stability of foams and emulsions is inferred from the above discussion, at 
least under some experimental conditions. However, the shear modulus 
also plays a very important role on the stability of dispersed systems, 
mainly due to its correlation to the interfacial structure and packing 
[276,289]. Brugger et al. [320] found that emulsions stabilized using 
poly(N-isopropylacrylamide) particles were stable only when the 
particle-laden interface exhibited an elastic character, whereas viscous 
interfaces, with high G” values, were easily destabilized. This coincides 
with the rapid destabilization shown by asphaltene-stabilized emulsions 
[484]. Apparently, the increase of the interfacial shear viscosity en
hances the coalescence rate (on the order of seconds) between droplets 
in close contact, whereas the coalescence is hindered when the droplets 
are coated by a layer with a microstructure dominated for the elastic 
properties of the single interfaces. The differences in the coalescence 
rate observed as a function of the viscoelastic properties of single in
terfaces are commonly related to the existence of a high shear yield 
stress (~104 Pa), which in turn is closely correlated to the film shear 
yield point and the film thickness. The increase of the elastic stiffness 
prevents the mobility and rupture of the particle layer, and hence the 
formation of a solid-like film may introduce an energetic barrier against 
coalescence. 

The morphology and size distribution of the droplets and bubbles can 
be modulated by changing the size or contact angle of the adsorbed 
particles. These parameters also play a very important role on the con
trol of the stability of emulsions and foams. It should be stressed that the 
stabilization of emulsions and foams requires partial wetting of the 
particles for both fluid phases. This leads to the formation of oil/water 
dispersions in the case of hydrophilic particles (θ < 90◦), whereas water/ 
oil dispersions are formed when the interface is stabilized by hydro
phobic particles (θ > 90◦). The change of the particle wettability by the 
addition of surfactant can be used in the modulation of the stability of 
emulsions and foams [243] as demonstrated Binks et al. [111]. They 
found that mixtures of silica nanoparticles and a bicatenary cationic 
surfactant can stabilize different types of emulsions, with the surfactant 
concentration being the control parameter dictating the transition be
tween the different emulsion types. In these mixtures, the degree of 
hydrophobicity of the particles, and consequently their contact angle at 
the fluid interface, varies as result of their association with the surfac
tant molecules, with the inversion point appearing in dispersions sta
bilized with particles of similar affinity for both interfaces, i.e., for θ =
90◦ [100]. The addition of a low surfactant concentrations is not enough 
to modify significantly particle hydrophobicity, which remains mainly 
hydrophilic with a contact angle lower than 90◦. Hence, the stabilization 
of oil in water (o/w) emulsions should be expected, while the increase of 
the surfactant concentration enhances the particle hydrophobicity, 
resulting in a trapping of the particles at the interface with θ > 90◦, and 
hence the formation of water in oil (w/o) emulsions is found. Further 
increases in surfactant concentration lead to the re-hydrophilization of 
the particles, which leads again to the formation of o/w emulsions 
[485]. Similar transitions were found by using chemically modified 
particles [486]. The modification of the particle wettability has been 
also exploited for modulating foam stability [487,488]. However, to the 
best of our knowledge, the study of the transition from aqueous foams to 
free aqueous droplets surrounded by a particle shell, e.g., dry water or 
liquid marbles, has not been systematically done, e.g., by changing the 
hydrophobicity of the particles. However, there is strong evidence for 
the formation of dry water and liquid marbles by the use of hydrophobic 
particles [489,490]. 

Fig. 17 shows an idealized picture of the possible correlations 
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existing between the contact angle of particles trapped at fluid interface 
and the interfacial curvature in relation to the stabilization of water/ 
vapor interfaces. 

It should be noted that the existence of a non-uniform wetting of the 
particles at the interface modifies the interfacial energetic landscape, 
which can change the ability of particles for stabilizing emulsions and 
foams [102,207,272]. Furthermore, the deformation of the contact line 
promoted by the weight of large adsorbates may introduce an additional 
contribution to the destabilization of the dispersed systems as result of 
the gravitational forces [186]. 

Particle-stabilized foams and Pickering emulsions have been widely 
used as templates for the manufacture of solid porous materials, the so- 
called solid foams. This type of systems can be obtained from the 
dispersed precursor systems following two different approaches: (i) 
sintering and drying the wet system, or (ii) direct solidification of the 
bulk liquid phase [487,491]. Gonzenbach et al. [488] exploited these 
strategies to obtain solid foams using precursor liquid foams stabilized 
by mixtures of particles and different short-length surfactant. A similar 
approach was followed by Zabiegaj et al. [3,4] for the fabrication of 
particle stabilized solid foams using carbon and alumina particles. 
Alumina-based aqueous foams were also used by Santos et al. [492] in 
the preparation of macroporous refractory ceramics by adding calcium 
aluminate cement as a binder. The addition of the binder allows 
reducing the time required for setting the solid structure, improving its 
mechanical strength. Similar results were found by Finhana et al. [493]. 

8.2. Colloidosomes 

Colloidosomes are solid capsules formed by a shell of densely packed 
particles with their size ranging from the sub-micrometer scale to 
millimeter scale. They have as main properties their controllable 
permeability and mechanical strength [2,494]. The most common 
methodology for the fabrication of colloidosomes is based on the as
sembly of colloidal particles into emulsion droplets that are locked 
together by sintering or electrostatic binding of oppositely charged 
polyelectrolytes, avoiding the destruction of the shell by transferring 
them to a different fluid [2,40]. 

Dinsmore et al. [494] prepared colloidosomes by self-assembly of 
carboxylated polystyrene latex microparticles on the surface of oil-in- 
water and water-in-oil of emulsions droplets. After the assembly of the 
particles on the surface of the droplet, they were bound by heating the 
system just about the glass transition of polystyrene (around 105◦C). 
During this step, glycerol was added to the aqueous phase to prevent 
water evaporation. The high temperature required for sintering becomes 
a major drawback in the preparation of colloidosomes, which can be 

partially overcome by using particles with a lower glass transition [495]. 
The sintering process can also be performed locally by heating using 
laser irradiation, as demonstrated López-de-Luzuriaga et al. [496]. By 
self-assembly of spherical gold nanoparticles at the interface of oleic 
acid (OA) nanodroplets formed in n-hexane, followed by laser irradia
tion, they fabricated plasmonic gold colloidosomes with collective 
plasmonic absorptions tunable in surface, size and shape. 

The assembly of oppositely charged polyelectrolytes on particles has 
also been exploited to prepare colloidosomes and avoid the use of high 
temperatures. Gordon et al. [497] used this methodology for the as
sembly of latex particles in toluene/water systems by introducing poly 
(L-lysine) into the aqueous phase. During the assembly, the poly(L- 
lysine) chains adsorb on the latex surface, which allows locking them 
in a superstructure. The formed colloidosomes were strong enough to 
withstand the osmotic stresses that occur during their transference to a 
different solvent. Another possibility to fix the particles in colloidosomes 
is the use of polyelectrolyte multilayers obtained by the Layer-by-Layer 
(LbL) method [498,499]. 

Colloidosomes can be also obtained using an internal phase con
taining a gelling agent. Gelation of the internal phase of water-in-oil 
colloidosomes generates a solid-like structure, which provides the col
loidosomes enough stability and structural strength to prevent their 
collapse upon solvent exchange processes [500]. Cayre et al. [500] 
fabricated colloidosomes through the assembly of amine-functionalized 
polystyrene latex on water droplets containing agarose dispersed in 
sunflower oil at 70◦C. Afterwards, the gelation of the aqueous droplets 
took place by reducing the temperature from 70 to 20◦C. The gelling 
agent can be replaced by wax to obtain solid capsules. This requires 
preparing wax-in-water emulsions stabilized by colloidal particles, at 
high temperature, and then the obtained dispersions must be cooled 
down to crystallize the oil phase [299]. 

The stability of the colloidosomes can be improved by polymeriza
tion after their preparation, within or on the surface of the Pickering 
precursor emulsions, which favors the particle entrapment at the 
interface. This approach was followed by Chen et al. [501] on the 
preparation of paraffin in water emulsions stabilized by functionalized 
silica particles in such a way that atom transfer radical polymerization 
(ATRP) can be induced on their surface. Thus, after preparing the 
Pickering emulsions, a polymerization process was induced by the 
addition of 2-hydroxyethyl methacrylate in the medium, which allows 
obtaining colloidosomes cross-linked by a poly(hydroxyethyl methac
rylate) network. An alternative approach is to perform the polymeriza
tion inside the droplets by including vinyl monomers. This strategy was 
used by Bon et al. [502], who stabilized droplets containing styrene and 
divinylbenzene, using poly(methyl methacrylate) particles as reactors 
for the copolymerization process. This procedure allowed the formation 
of colloidosomes with sizes in the range of 5-30 μm reinforced by a 
polystyrene core. Precipitation of a preformed polymer in the inner core 
of the Pickering emulsion can be exploited as an alternative to poly
merization, as was demonstrated by Cayre et al. [503]. They prepared 
oil-in-water emulsions stabilized with silica and gold particles. In this 
work, a linear poly(methyl methacrylate) was dissolved in the oil phase, 
a mixture of dichloromethane/n-hexadecane. After preparing the 
emulsions dichloromethane was evaporated, at 40◦C. As the polymer is 
less soluble in hexadecane than in the mixture, the evaporation induced 
its precipitation on the inner walls of the capsules, blocking the inor
ganic particles at the interface. The reduction of the amount of polymer 
leads to a degradation of the mechanical properties of the obtained 
colloidosomes [504]. In the literature, there are many other examples 
following similar methods to improve the stability of the colloidosomes 
obtained [505]. 

The methodologies discussed above, designed to improve the me
chanical strength of colloidosomes, often involve heating steps that 
should be avoided in certain applications, e.g., encapsulation of bio
logical compounds. This limitation may be overcome by choosing par
ticles suitable for obtaining a covalently cross-linked structure at room 

Fig. 17. (a) Idealized representation of the particle position at the water/vapor 
interface as a function of the wettability. (b) Bending behavior of particle-laden 
fluid interfaces as function of the particle contact angle. Reprinted from Yu 
et al. [491], Copyright (2021), with permission from Elsevier. 
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temperature [506]. There are many examples in the literature of col
loidosomes reinforced by chemical cross-linking. This idea was used by 
Croll et al. [507] for the fabrication of colloidosomes upon the assembly 
of poly-(divinylbenzene-alt-maleic anhydride) microspheres at an oil/ 
water interface, followed by cross-linking via amide or ionic bonds. In 
the formation of microcapsules, the length of the cross-linker is critical, 
as low molecular weight species are often too small to span the gap 
between adjacent particles. Covalent cross-linking was also used in the 
reinforcement of colloidosomes formed by quantum dots [508]. Skaff 
et al. [509] obtained cross-linked CdSe/ZnS capsules by a ring-opening 
metathesis polymerization of norbornene attached to the quantum dots, 
which allows the quantum dots to be arrested in a superstructure at 
room temperature. Another strategy used to exploit ionic crosslinking 
was developed by Arumugan et al. [510] for the fabrication of magnetic 
colloidosomes stabilized with FePt particles. Here, complexation of 
terpyridine tethered to the particle surface with Fe(II) metal ion lead to 
nanoparticle networks at the liquid− liquid interface. 

Sharh et al. [511] prepared thermo-sensitive colloidosomes by cross- 
linking primary amine functionalized PNIPAM particles with glutaral
dehyde. These colloidosomes undergo a strong reduction of the size with 
the increase of the temperature. The combination of covalent cross- 
linking and steric stabilization is also very popular, as evidenced the 
study by Walsh et al. [512]. They fabricated colloidosomes of poly
styrene latex stabilized by the adsorption of poly(ethylene imine) qua
ternized with 4-vinylbenzyl chloride, which can be cross-linked by using 
different bis-epoxy polymeric cross-linkers. A similar approach was 
followed for the fabrication of colloidosomes by using different organo- 
clays [513,514] and silica particles [515]. Yuan et al. [516] reported 
another design that combined covalent cross-linking with steric stabi
lization, by decorating polystyrene particles with a poly(2- 
dimethylaminoethyl methacrylate)-poly(methyl methacrylate) diblock 
copolymer. The later can be cross-linked at the oil/water interface 
though a quaternization process, using 1,2-bis(2-iodoethyloxy)ethane. 

8.3. Coffee ring suppression 

Particles homogeneously dispersed within liquid droplets may lead 
to the formation of ring-like deposits upon evaporation of the solvent, 
resulting in the so-called coffee-ring effect [113,234]. The formation of 
this type of deposits is often undesirable in application such as inkjet 
printing, and the fabrication of micro- and nanostructures, or coatings, 
where a more homogenous deposition of the material is required 
[517–524]. In the last years, the use of colloidal particles trapped at 
water/vapor interfaces has been very common for a complete suppres
sion, or partial mitigation, of the formation of the coffee-rings when 
sessile droplets are droplets are evaporated [48,149]. This is the result of 
the competition between adsorption at the fluid/fluid interface and at 
the solid/fluid interface occurring during droplet evaporation. There
fore, by modulating the properties of the particles dispersed within the 
evaporating droplet it is possible to modify their adsorption to the in
terfaces involved, which in turn provides a large degree of control over 
the morphology of the deposits obtained. The latter is the result of an 
intricate balance between particle− particle, particle− fluid/fluid inter
face, and particle− substrate interactions [338]. 

There are several methodological approaches enabling the reduction 
of the coffee-ring effect in the deposition droplets containing colloidal 
particle suspensions. Bigioni et al. [525] controlled the order of the self- 
assembled particle array on the solid surface by pushing the particles 
towards the fluid/fluid interface. This was possible by a combination of 
a rapid evaporation of the solvent, faster than the diffusion of the par
ticles in the bulk, which favors particle segregation towards the liquid/ 
vapor interface, and the appearance of attractive capillary interaction 
between particles once they reach to the fluid interface. This leads to the 
the formation of particle network with a high degree of long-range 
order, preventing partially the deposition of the coffe-ring on the solid 
surface. Selective segregation of the particles towards the fluid interface 

can be also stimulated by the use of a mixture solvent/co-solvent [526]. 
The combination of water with a co-solvent, with higher vapor pressure, 
leads to segregation of the co-solvent near to the liquid/vapor interfacial 
region, which favors the transport of hydrophobic particles to the 
liquid/vapor interface where they self-assemble into an ordered array. 
Surfactant-mediated interactions can be also be exploited to modulate 
the deposition patterns of particles on solid surfaces [338]. In this case, 
it was possible to adjust the electrostatic and hydrophobic parti
cle− particle, particle− interface, and particle− substrate interactions to 
create deposits with very different morphologies, from rings to disks. 
The use of particles with high hydrophobicity (decorated with inter
mediate concentration of oppositely charged surfactants) leads to the 
formation of deposits with the highest homogeneity, which is associated 
with the formation of a skin of colloidal particles at the water/vapor 
interface during evaporation. On the other side, the deposition of par
ticles decorated with very low and very high surfactant concentrations 
(highly hydrophilic particles) results in the formation of ring-like 
deposits. 

Another possibility for the suppression of the coffee-ring effects, 
proposed by Li et al. [527], is based on the capture and self-assembly of a 
rapidly descending liquid/vapor interface. This method requires the use 
of an environmental chamber, designed to allow control of the tem
perature and the relative humidity. High temperature evaporation hin
ders the deposition in the border of the three-phase contact line, 
promoting the formation of homogeneous deposits. This happens 
because at high temperature the rate of descent of the liquid/vapor 
interface is faster than the diffusion of the colloidal particle, which fa
vors that a part of the particles can be retained by the fluid interface. 
Thus, the jamming of the particles at the fluid interface leads to an 
enhancement of the interfacial viscosity in relation to that of the bulk, 
which introduces an additional resistance to the capillary outflow and 
leads to the formation of uniform deposits. 

Particle shape anisotropy can be also exploited to modulate the 
morphology of the deposits obtained upon evaporation [528]. Spherical 
or slightly deformed colloidal particles are usually transported very 
efficiently to the three-phase contact line because of the evaporation- 
driven capillary flow, whereas ellipsoidal particles are deposited ho
mogeneously during solvent evaporation. This difference is due to the 
fact that ellipsoidal particles can be entrained towards the edge of the 
evaporating droplets due to the outward capillary flow, until they are 
trapped by the descending liquid/vapor interface, where they undergo 
strong attractive inter-particle force. These phenomena are accompa
nied by a strong increase of the interfacial viscosity, associated with the 
adsorption of ellipsoidal particles that introduces an additional resis
tance to the outward capillary flow. In colloidal suspensions of spherical 
particles, the situation changes significantly, as the particles can be 
desorbed from the descending interface due to the weakness of the inter- 
particle attraction. The above mechanism based on the balance between 
capillary and hydrodynamic forces, is quite general. Thus, in systems 
where the interfacial forces are greater than the hydrodynamic ones, the 
formation of stable particle networks at the interface is favored and, 
therefore, their migration towards the three-contact line is hindered. On 
the contrary, when the hydrodynamic forces overcome the capillary 
forces, the particles are easily transported to the contact line, where they 
form heterogeneous deposits [529]. 

Parthasarathy et al. [530] explored the evaporation of droplets of 
highly diluted suspensions containing particles of diameters from 3 to 10 
microns to study the pattern formation on solid substrates. They stated 
that the process is governed by the combined effect of gravity and 
interfacial hydrodynamic forces, such that when the gravity driven 
deposition exceeds capillary driven transport, it is possible to suppress 
the coffee ring formation. They also found the existence of a transition in 
the morphology of the evaporative patterns, from mono- to multilayers, 
with the increase of the particle diameter and the initial particle con
centration of the suspension. Furthermore, they described an order- 
disorder transition, which disappears at relatively high particle 
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concentrations. This transition was strongly determined by the organi
zation of the particles at the edge of the deposits. 

A more recent approach for minimizing the coffee-ring effect 
involved the direct spreading of particles at the liquid/vapor interface of 
the evaporating droplet. This leads to a situation in which the particles 
can assemble at the interface during the evaporation enabling the for
mation of a uniform film. This occurs in three steps: (i) spreading of the 
particles at the surface of the evaporating droplet; (ii) assembly of the 
particles at the liquid/vapor interface, and (iii) settling of the particle 
film onto the substrate upon evaporation. This approach can be 
exploited for the fabrication of low interfacial tensions inks containing 
colloidal particles and a high interfacial tension liquid, e.g., water or 
ethanol/water mixtures [531,532]. 

Recently, Nath and Ray [533] demonstrated the power of the lattice 
Boltzmann method to predict the 3D-microstructures obtained after 
evaporation of droplets containing nanoparticles. For Péclet number 
above the unity, non-uniform coffee ring deposits are obtained in the 
vicinity of the pinning regions. Besides, the increase of the pattern di
mensions and the difference between the pattern and substrate surface 
energies lead to the formation of deposits with stereoscopic 
morphologies. 

8.4. Fluid interfaces laden with active/actuated particles 

Laden fluid interfaces of tunable colloids are promising candidates 
for designing new smart materials with remarkable properties. For 
example, Pickering emulsions stabilized with magnetic particles can be 
destabilized at will simply by approaching a magnet or applying a ho
mogeneous magnetic field. [368,399], and magnetic needles can be used 
as probes for rheological characterization of fluid interfaces [184]. 
Guided motion of active and actuated adsorbed particles can be used in 
the transport of adsorbed matter at the microscale, in confined envi
ronments, in the enhancement of mass transport or in the modulation of 
interfacial properties. However, chaotic flows generated at low Rey
nolds numbers by dispersions of active colloids [534] can also be har
nessed to promote mixing in the microscale or in water remediation. 
Although the uptake of these emerging applications in commercial 
technologies is still low, we anticipate that adsorbed active colloids will 
soon be regularly employed in micro- and nanofluidic devices and at the 
fluid interfaces inherent in all living organisms, and that out-of- 
equilibrium assemblies will be used as piloted carriers for precise and 
targeted interfacial drug transport at biological fluid interfaces, such as 
oral mucosa and saliva, tear films or those stabilised by lung surfactants 
[535]. 

9. Concluding remarks 

The impact of particle-laden fluid interfaces in different problems 
with interest for academia and industry has stimulated to researchers 
with very different backgrounds to deepen on the understanding of the 
main forces driving the assembly of colloidal micro- and nano-particles 
at fluid interfaces as well as of the physico-chemical behavior of the 
obtained layers. This is essential for opening new avenues allowing the 
explotaition of the power of particle-laden fluid interfaces in applica
tions, e.g., the fabrication of interface-dominated systems such as foams, 
emulsions and thin films. Also reconfigurable devices, or the modulation 
of processes with technological interest, e.g. ink-jet printing, where the 
broken symmetry of fluid interfaces becomes an ideal platform for the 
confining of materials to fabricate materials with reduced dimension
ality will benefit from particle laden interfaces. Therefore, the analysis 
of different aspects allowing the modulation of the assembly of particles 
at the interface, mainly the particle wettability and the inter-particle 
interactions, and the understanding of the response of particle-laden 
interface upon the application of external stimuli (mechanical, ther
mal, magnetic or electric) become of paramount importance. 

The behavior of particle-laden fluid interfaces is governed by a 

complex interplay between the individual and collective behavior of the 
trapped colloids which confer novel mechanical (shear and dilational) 
and functional properties to the fluid interface. These properties emerge 
strongly dependent on the specific chemistry, moprhology, wettability 
and charge of the considered colloids as well as on the modification of 
their surface by addition of surfactants or covalent binding of other types 
of molecules. Nowadays, there is a reasonably good understanding on 
the behavior of single hard particles at fluid interfaces. However, the 
current knowledge on the behavior of soft particles as well as of particle- 
mediated interactions and the collective behavior of particle-laden fluid 
interfaces remain relatively poor. Therefore, it is necessary to move the 
research on particle-laden interfaces to such topics. In fact, the in
teractions are responsible of the ability of particle for migrating, being 
dispersed or assembly at the interface, resulting in specific ordered 
structures which in turn define the mechanical behavior of the particle- 
laden interface. This is very important because defines the high stability 
of Pickering emulsions and particle-stabilized foams. Furthermore, the 
dynamical behavior of particles trapped at fluid interfaces also requires 
further studies. In fact, colloid adsorbed at fluid interfaces show very 
different motion pathways than colloids in the bulk. The characteriza
tion of the dynamical aspects are not only important itself, and the po
tential application of particles as microrheological traces requires to 
understand the motion of individual particles. On the other side, the 
understanding of the dynamics of particle-laden interfaces becomes very 
important because they play a very important role on the behavior on 
active colloids trapped at fluid interfaces. These offers very interesting 
dynamic behavior and phase transitions which deserveds further 
attention. 

This review has tried to present a broad perspective to the study of 
particle-laden interface, which makes this review an excellent guide for 
researchers and technologist addressing for first time problems related 
to particle-laden interface as well as for experienced researcher trying to 
exploit the whole potential of particle-laden fluid interfaces for opening 
new avenues in nanoscience and nanotechnology. 
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