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a b s t r a c t 

In the last years, mixtures of silica nanoparticles and surfactants have been widely and successfully used to sta- 
bilize a multiplicity of aqueous foams and emulsions with current and potential applications in the engineering 
processes. The physicochemical properties and large-scale industrial production of silica nanoparticles, as well 
as the practical and cheap methods offered by surfactants to modify the nanoparticles’ wettability, are the main 
reasons for the silica nanoparticle-surfactant pair to be an effective combination on the stabilization of both aque- 
ous foams and emulsions. This state-of-the-art review aims to offer a well-defined picture of the contemporary 
research on foams and emulsions (oil-in-water, water-in-oil, and the particular case of the bicontinuous ones) 
stabilized by mixtures of silica nanoparticles and surfactants (cationic, anionic, nonionic, and zwitterionic) fea- 
turing the top results and outlining future research in the area. Attention is paid to the processes and materials 
where the foams and emulsions discussed are present. The function of silica nanoparticles-surfactants synergy on 
stabilizing foams and emulsions is also discussed. 
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. Introduction 

Aqueous foams and emulsions are both dispersions that are essential
n chemical engineering. Whereas aqueous foams are dispersions of gas
ubbles in an aqueous phase, emulsions are dispersions of oil droplets
n water (direct or O/W emulsions) or water droplets in oil (inverse
r W/O emulsions). Both systems are thermodynamically unstable and
volve via three mechanisms: drainage occurs in the case of foams, while
reaming (droplet rising) or sedimentation (droplet setting) in the case
f emulsions, both due to the effect of gravity; coarsening takes place
n foams or Ostwald ripening in emulsions, owing to the transfer of gas
in the case of foams) or liquid (in the case of emulsions) from smaller
ubbles (droplets) to the bigger ones, because of pressure differences
ue to the curvature; and finally coalescence in bubbles/droplets, that
appens as the film between them ruptures. 

The industrial applications of foams and emulsions are numerous,
ainly in industrial processes related to food, cosmetics, pharmacy,

nhanced oil recovery (EOR), and synthesis of macroporous materials
 1 , 2 ]. However, the metastability of both systems represents a chal-
enge for their optimal formulation and handling. Traditionally, foams
nd emulsions are stabilized by surfactants, but their rapid adsorption
nd desorption at fluid interfaces do not allow them to produce highly
table systems [3] . A successful approach to stabilize dispersed systems
as first conceived more than one hundred years ago by Ramsden and
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ickering, who explored how particles could stabilize bubbles [4] and
il droplets [5] . For this reason, particle-stabilized emulsions (foams)
re called Pickering emulsions (foams). Although the research on stabi-
izing foams and emulsions by particles started a century ago, system-
tic studies trying to elucidate their stabilization mechanism have been
eveloped in the last two decades. The great effectivity of particles in
tabilizing foams and emulsions lies in their high adsorption energy at
uid interfaces. They irreversibly adsorb at liquid-liquid and liquid-gas

nterfaces. Once the particles are anchored at an interface, droplets and
ubbles get a character of ’solid-like armor’ against coarsening and co-
lescence processes, which leads the foams and emulsions to survive
igh lifetimes [6–9] . Particles can also slow down drainage in foams be-
ause they increase bulk viscosity, aggregate in the foam liquid channels
Plateau borders), or act as gelling agents [10–12] . In emulsions, parti-
les can form networks between droplets or aggregate in the continuous
hase, which increases the emulsion stability to creaming (sedimenta-
ion) [ 13 , 14 ]. 

Silica nanoparticles (SiO 2 NPs) have been extensively used to sta-
ilize foams and emulsions because of their surface chemistry, thermal
tability, large-scale industrial production, and low cost [ 15 , 16 ]. The
ritical parameter for SiO 2 NPs in the elaboration and stabilization of
oams and emulsion is their hydrophilic or hydrophobic character, a
roperty related to wettability and the three-phase contact angle 𝜃 (mea-
ured with respect to water, see Fig. 1 a). It has been theoretically shown
021 
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Fig. 1. (a) Schematic representation of a 
spherical particle at a fluid interface. Left: 2D 

cross-section of the position of the particle 
at the interface. Right: 3D representation of 
the area of the fluid interface that is removed 
upon adsorption of the colloidal particle (green 
area) and the three-phase contact line that con- 
tributes to line tension effects (orange line). To 
interpret color in this figure legend, the reader 
is referred to the web version of this article. 
(Reproduced with permission [43] Copyright 
2019, The Royal Society of Chemistry). (b) Top: 
location of a small spherical particle at a pla- 
nar fluid-water interface for a contact angle ( 𝜃) 
less than 90° (left), equal to 90° (center), and 
larger than 90° (right). The contact angle is 
measured through the aqueous phase as a ref- 
erence. Bottom: Corresponding probable posi- 
tioning of particles at a curved fluid-water in- 
terface. Left: for 𝜃 < 90° solid stabilized aque- 
ous foams or O/W emulsions may be formed. 
Right: for 𝜃 > 90° solid stabilized aerosols or 
W/O emulsions may be formed. (Reproduced 
with permission [3] Copyright 2002, Elsevier 
Science Ltd.). (c) Plot of ΔE vs the dimension- 
less curvature 𝜀 = R /R 12 , of the formed drops. 
Left 𝜑 1 = 0.3; right 𝜑 1 = 0.7. The different 
curves correspond to different values of the 
contact angles, 𝜃; 𝜑 a = 0.9 is fixed. ΔE < 0 and 
ΔE > 0 correspond to the formation of emul- 
sions 1-in-2 and 2-in-1, respectively. (Adapted 
with permission [53] Copyright 2005, Ameri- 
can Chemical Society). 
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hat to elaborate stable foams, the particle contact angle should be be-
ween 50° and 90° [17] ; however, after reviewing the role of particles in
tabilizing foams, Hunter et al. [18] , pointed out that the optimal par-
icle contact angle occurred between 60 and 70° On the other hand, the
ype of emulsion obtained somehow depends on the particle contact an-
le. As a general rule, hydrophilic particles ( 𝜃 < 90°) tend to form O/W
mulsions, whereas for hydrophobic particles ( 𝜃 > 90°) W/O emulsions
re more probably created [19] . Nevertheless, this rule is far from be-
ng so easy, as we will discuss in Section 2.2 ; several factors influence
he formation of O/W or W/O emulsions besides the contact angle, as
he volume fractions of both aqueous and oleous phases, and bending
nergy. Moreover, emulsions elaborated with either too hydrophilic or
ydrophobic SiO 2 NPs are not stable against coalescence, since nanopar-
icles in these conditions do not strongly adsorb at the liquid-liquid in-
erface [20–22] . These features for both dispersed systems confirm that,
or obtaining stable foams and emulsions, nanoparticles must present a
pecific wettability. 

In their natural form, SiO 2 NPs have a hydrophilic character. SiO 2 
Ps of 20–30 nm size at the air-water interface showed a contact angle
f approximately 15°, measured by immersion tests [23] . Kostakis et al.
24] measured the contact angle of pure water droplets on a flat silica
urface made by pressing silica nanoparticles with a diameter of 20 nm,
btaining a value near 20°. These values suggest that to attaining an
ntermediate wettability (contact angle), SiO 2 NPs require surface mod-
fication to become more hydrophobic. A common pathway to increase
2 
ilica nanoparticles’ hydrophobicity is to treat their surface generally
ith dichlorodimethylsilane [ 25 , 26 ], although other silane compounds
re sometimes used [27–29] . The degree of hydrophobization will de-
end on the content of silane grafted on the silica surface through a
ilanization reaction. However, the main disadvantages of silanization
re the generation of subproducts and the use of solvents during the
rocess [ 30 , 31 ], requiring operations of separation after the reaction,
hich leads to higher costs and invested time. 

A money-saving and less laborious technique to adjust the hydropho-
icity of SiO 2 NPs based on the in situ modification of the nanoparticles
urface using surfactants has been developed in the last decade. Due
o different interactions, surfactant molecules adsorb on the nanopar-
icle surface, changing its wettability; thus, the particle’s hydrophobic
haracter will depend on the amount of surfactant adsorbed [ 32 , 33 ].
urthermore, no additional solvents are required. Diverse processes
n chemical engineering may take advantage of foams and emulsions,
hich are stabilized by the combined effect of nanoparticles and sur-

actants (synergy) to achieve optimal results in their operation: EOR
 34 , 35 ], fabrication of macroporous materials [ 36 , 37 ], and formulation
f "food-grade" products [ 38 , 39 ] are some of them. This review emerges
ased on existing and potential applications of foams and emulsions sta-
ilized by SiO 2 NPs-surfactants mixtures. Although a couple of reviews
n the topic have been recently published, they covered reports on foams
40] and emulsions [41] stabilized by different types of nanoparticles.
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hen, studies on stabilization of SiO 2 NPs-surfactants mixtures in foams
nd emulsions were not fully addressed. 

Rather than focusing on stabilization mechanisms, this manuscript
ffers a picture of the contemporary research on foams and emulsions
tabilized by SiO 2 NPs (mean diameter ≤ 100 nm)-surfactant assem-
lings, highlighting the central results, and glimpsing the directions for
ncoming investigations. We first describe the role of particles and SiO 2 
Ps-surfactants mixtures in the stabilization of foams and emulsions.
ext, we analyze diverse foams and emulsions (O/W and W/O) stabi-

ized by different mixtures of SiO 2 NPs and surfactants, to discuss later
he case of the bicontinuous emulsions. The reports are organized into
ifferent engineering fields where both, the examined foams and emul-
ions, have or would possibly have an application. We conclude by pro-
iding some possible directions for future investigations on this topic. 

. Foams and emulsions stabilized by particles: some remarks on 

heir formation and stabilization 

.1. Stabilization of flat fluid interfaces with particles 

The way particles stabilize foams and emulsions is associated with
article detachment energy from fluid interfaces, which is large com-
ared to surfactant molecules. The detachment energy of spherical par-
icles considering the particle is sufficiently small to neglect gravity ef-
ects (Bond number << 1) is given by [ 3 , 18 ]: 

 = 𝜋𝑅 

2 𝜎12 ( 1 ± cos 𝜃) 2 , (1)

 is the particle’s radius and 𝜎12 is the interfacial/surface tension of the
iquid-liquid or liquid-gas interface ( Fig. 1 a). The sign inside the bracket
ill be negative if the particle is removed into the aqueous phase, or
ositive if removed into the oil or air phase. The higher the detachment
nergy, the stronger the particle is held at the interface in contraposition
ith surfactant molecules, which adsorb and desorb on a fast timescale

3] . 
At the nanoscale, dissension arises on the effects of line tension in

q. (1) , as the line tension (see Fig. 1 a right) term indicates the excess
f free energy per unit length of a three-phase contact line [ 42 , 43 ]. By
nalyzing results from optical experiments, de Gennes et al. [44] stated
he line tension had no scientific support and considered it a conse-
uence of experimental artifacts; however, these authors suggested us-
ng non-optical techniques for the estimation of line tension. In fact,
hrough scanning force microscopy experiments, the line tension values
btained for micrometric droplets on a silicon wafer surface were in the
ange from 10 − 11 to 10 − 10 J/m [45] . On the other hand, some efforts
o identify the effects of the line tension on particles at interfaces have
een carried out [ 46 , 47 ]. Nonetheless, due to restrictions to get ex-
erimental information on line tension when working at the nanoscale,
imulations are useful tools [48–50] . A density functional theory study
erformed for nanoparticles at a vapor-liquid interface pointed out a
egligible line tension effect for contact angles between 60° and 120°,
ut a remarkable influence for contact angles greater than 120° or less
han 60° [48] . Although the literature on the line tension is vast, the
heme remains under discussion. 

.2. Link between particle contact angle and the formation of foams and 

mulsions. Spherical liquid-liquid interfaces 

Particle wettability strongly influences the type of dispersion ob-
ained. When 𝜃 < 90°, most of the particle surface is wetted by the
queous phase (hydrophilic character), and for 𝜃 > 90°, the particle is
ostly in contact with air (gas) or the oil phase (hydrophobic character),

s observed in Fig. 1 b. Foams are generally stabilized with hydrophilic
articles since it is known that particles with 𝜃 > 90° induce dewet-
ing behavior and film rupture [51] , but they may stabilize water-in-
ir dispersions known as liquid marbles [52] . In the case of emulsions,
he criterion to create and stabilize a certain type of emulsion (O/W or
3 
/O) goes beyond the influence of the particle contact angle, as will be
escribed in the following paragraphs. 

Microemulsions are thermodynamically stable and form sponta-
eously. However, the formation of Pickering emulsions demands an
nput of energy. It is needed to break the disperse phase down into
mall drops. Afterward, the solid particles adsorb on the newly formed
il-water interface, accompanied by a gain of adsorption energy. Conse-
uently, the produced emulsion can be very stable due to the adsorbed
articles’ steric drop-drop repulsion. From a thermodynamic viewpoint,
he Pickering emulsion is metastable. Nonetheless, a thermodynamic
reatment can be given to understand the variables that determine its
ormation supposing the following conditions: the particles adsorb very
ast at the oil-water interface; once adsorbed, the particles do not des-
rb from the surface of the emulsion drops; the emulsion reaches a
etastable thermodynamic equilibrium in a local minimum of free en-

rgy. One additional assumption is that the drops are spherical. 
When a two-phase (oil/water) system is subjected to homogeniza-

ion, both the direct and reverse emulsions can be simultaneously
ormed in different spatial domains of the system. However, only that
hich is more stable survives, that is the state of lower free energy.

n Pickering emulsions, the gain of surface energy upon particle adsorp-
ion is usually much greater than the emulsification’s entropy effects. To
valuate the emulsification energy, we follow Kralchevsky et al. [53] .
e will consider that the solid particles are initially dispersed in phase
 (aqueous phase). The dispersion of phase 1 (oil phase) into phase 2
ill be named "emulsion 1-in-2 ″ . It corresponds to the Bancroft rule (oil-

n-water) since particles are in the continuous phase, while the reverse
mulsion (water-in-oil) will be "emulsion 2-in-1 ″ . In general, we will
onsider the whole interval of 0 < 𝜃 < 180°. The breakage of a given
olume of liquid into drops leads to an enlargement of the surface area
nd, consequently, the adsorption of additional solid particles. The vol-
mes of phases 1 and 2 and the total number of particles are assumed to
e constant during emulsification. For simplicity, it is supposed that the
mulsion drops are monodisperse. The difference between the (interfa-
ial) energy for the formation of the emulsions 1-in-2 (E 1–2 ) and 2-in-1
E 2–1 ) is given for the following formulas: 

𝑈 = 

( 

3 𝜎12 
𝑅 

) 

Δ𝐸 = 

( 

3 𝜎12 
𝑅 

) 

( 𝐸 1−2 − 𝐸 2−1 ) . (2)

here ΔE corresponds to a series in 𝜀 , where the most important term
s 

𝐸 = 𝜀 (2 𝜑 1 − 1)(1 − 𝜑 𝑎 𝑏 ) + 𝜀 2 𝜑 𝑎 

[
{(2 + cos 𝜃) 𝑏 + 4 𝜑 1 − 4}(1 − 𝜑 𝑎 𝑏 ) − 2 𝑏 co

(3) 

In Eq. (3) , 𝜀 = 

𝑅 ∕ 𝑅 12 
<< 1 is the particle to drop radius ratio, 𝜎12 is

he interfacial tension, b = (1 − cos 𝜃) 2 , 𝜑 2 = 1- 𝜑 1 corresponds to the
olume fraction of phase 2 in the emulsion, as well as 𝜑 1 is the volume
raction of phase 1, and 𝜑 a is the area fraction occupied by the adsorbed
articles, which is limited by the maximum particle area fraction, i. e. ,
 < 𝜑 a < 0.907. This formula is not particularly simple, with a com-
lex dependence on contact angle and volume fraction that gives rise to
ifferent situations observed experimentally. ΔE provides a thermody-
amic guide about which emulsion will form upon agitation ( Fig. 1 c).
or ΔE ( = E 1–2 – E 2–1 ) < 0, emulsion 1-in-2 will be formed, on the con-
rary when ΔE ( = E 1–2 – E 2–1 ) > 0, emulsion 2-in-1 will be formed.
ig. 1 c presents an example with two diagrams of ΔE vs. the dimen-
ionless drop curvature, 𝜀 , for several values of the contact angle 𝜃 and
wo-phase volume fractions, 𝜑 1 = 0.3 and 𝜑 1 = 0.7 , as presented in
53] . In a volume fraction of 𝜑 1 = 0.3 and for particles with 𝜃 ≤ 90°
hydrophilic), emulsions 1-in-2 will be formed ( ΔE < 0). On the con-
rary, for the same particles with 𝜃 ≤ 90°, since ΔE < 0 emulsions 2-in-
 will be formed when the volume fraction 𝜑 1 is larger than 𝜑 2 . This
hase inversion happens at volume fractions 𝜑 = 50:50, owing to the
hange in the sign of the first term in Eq. (3) , proportional to ( 𝜑 1 – 𝜑 2 ).
n other words, for 𝜑 1 > 0.5, the formation of the emulsion 2-in-1 be-
omes more gainful in terms of free energy. This calculation explains
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Fig. 2. Sketch of fluid interfaces stabilization by particles ad- 
sorbed as (a) monolayer and (b) multilayers. (Adapted with 
permission [54] Copyright 2014, Elsevier Masson SAS). (c) 
Scheme of the possible mechanisms of liquid film stabiliza- 
tion. Left: monolayer of bridging particles. Center: bilayer of 
close-packed particles. Right: a network of particle aggregates 
inside the film. (Reproduced with permission [67] Copyright 
2014, Elsevier Ltd.). 
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he sudden phase inversion changes upon variation of solvent volume
ractions observed in Pickering emulsions. However, it is important to
ighlight that, in experiments, the observations may be different from
he theoretical predictions due to kinetic factors as particle adsorption
ate, particle desorption, and metastability [53] . We must also consider
hat surfactants, even at low concentrations, can modify the adsorbed
articles’ contact angle, thus influencing the type and stability of the
ormed emulsion. 

.3. Consequences of particles at fluid interfaces on the stabilization of 

oams and emulsions 

When particles attach at fluid interfaces as monolayers ( Fig. 2 a) or
ggregates ( Fig. 2 b) [54] , the interfacial dilational viscoelasticity in-
reases, i.e., the interfacial dynamic resistance to changes in area (ex-
ension or contraction) [ 55 , 56 ] augments, and so does foam/emulsion
tability [ 57 , 58 ]. Moreover, the solid-like character of particle-stabilized
nterfaces may trigger the apparition of polymorphous droplets or bub-
les [ 59 , 60 ]. 

Particles anchored at interfaces stabilize foam and emulsions by
orming a steric barrier against coarsening/Ostwald ripening and coales-
ence. The particle shell around bubbles/droplets slows down gas/liquid
iffusion from the smaller bubbles/droplets to the bigger ones. Indeed,
o halt coarsening/Ostwald ripening and coalescence, bubbles/droplets
equire a particular particle surface coverage [ 6–8 , 61 , 62 ]. Further-
ore, particles influence the maximum capillary pressure of coalescence

 𝑃 𝑚𝑎𝑥 
𝑐 

) in bubbles and droplets. Recalling that the capillary pressure ( P c )
s the difference between the pressure inside a bubble/droplet and the
ressure inside the interfilm liquid [63] , high 𝑃 𝑚𝑎𝑥 

𝑐 
values mean the

iquid film is capable of resisting higher pressures, that is to say, the
ystem’s stability is enhanced. Kaptay [64] extended the method devel-
ped by Visschers et al. [65] to formulate the following equation, which
haracterizes the effect of a single layer of particles residing in a bubble-
ubble (droplet–droplet) interfilm on 𝑃 𝑚𝑎𝑥 

𝑐 
: 

 

max 
𝑐 

= ± 𝑝 
2 𝜎12 
𝑅 

cos 𝜃. (4)

The sign " + ", corresponds to O/W emulsions and foams, and the sign
 − ", to the case of W/O emulsions, whereas p is a packing parameter.
rom this expression, smaller particles will be more favorable for coa-
escence suppression in terms of maximum capillary pressure, of course,
epending on the packing parameter. Moreover, it is possible to analyze
he combined effect of particle contact angle maximum capillary pres-
ure and detachment energy expressions to determine particle contact
ngles that offer the best foam/emulsion stability [64] . 
4 
When particles are located between two interfaces (inside the films),
ifferent scenarios are observed ( Fig. 2 c). Bridging monolayers and par-
icle bilayers preventing bubble/droplet coalescence [ 66 , 67 ]. When par-
icle concentration increases, a network of particle aggregates (gel-like)
s structured inside the film, which hinders drainage (creaming in emul-
ions) and coalescence [ 67 , 68 ]. The way particles organize at interfaces
nd stabilize foams or emulsions are governed by particle-particle in-
eractions: repulsive or attractive from electrostatic origin, or due to
apillarity [69–72] , which can be modulated by the presence of salt or
urfactants in the solutions [ 73 , 74 ]. 

. Interactions between silica nanoparticles and surfactants: 

ffect on the stability of foams and emulsions 

Mixtures of SiO 2 NPs and surfactants have been broadly employed
o elaborate and stabilize foams and emulsions; in fact, these studies are
he focus of the current state-of-the-art review. The effects of particles
n the stabilization of foams and emulsions discussed in section 2 (de-
achment energy, maximum capillary pressure, and particle structura-
ion inside films), also apply for SiO 2 NPs in the presence of surfactants.
herefore, it is relevant to mention the main interactions between SiO 2 
Ps and the different types of surfactants to better understand their com-
ined effect on foams and emulsions stabilization. The following analy-
is briefly describes the surfactant effect on the nanoparticle contact an-
le, and how SiO 2 NPs-surfactants mixtures influence interfacial/surface
ension. Both particle contact angle and interfacial/surface tension are
arameters that impact the detachment energy equation ( Eq. (1) ). 

In general, unmodified SiO 2 NPs are found in mediums whose pH
alues are above the silica isoelectric point (around 2). At those pH val-
es, silica nanoparticles are negatively charged as their surface is cov-
red by silanol groups [75] and are too hydrophilic to stabilize foams
nd emulsions alone (the nanoparticle detachment energy is low). When
ixed with cationic surfactants, the wettability of SiO 2 NPs is modified

s surfactant molecules are adsorbed on silica surfaces due to electro-
tatic interaction. As surfactant monomers are adsorbed on nanopar-
icles surface, their hydrocarbon chains are exposed to the aqueous
edium, which increases the hydrophobic character of nanoparticles

nd makes them able to stronger attach at air-liquid and liquid-liquid in-
erfaces [76–78] , and consequently to halt coarsening/ripening and coa-
escence processes [10] . If additional surfactant adsorption occurs, a sur-
actant bilayer is formed through hydrophobic chain-chain interaction,
xposing the polar heads to the aqueous medium, turning nanoparticles
ydrophilic again and disadvantageous for foams and emulsions stabi-
ization [ 32 , 79 , 80 ]. A representation of cationic surfactant molecules
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Fig. 3. (a) Modification of the hydrophobicity 
of a negatively charged particle due to the in- 
teractions with a cationic surfactant. (Repro- 
duced with permission [32] Copyright 2012, 
The Royal Society of Chemistry) (b) Represen- 
tation of the bubble/oil droplet stabilization 
by the silica particle-cationic surfactant syn- 
ergy at high pH. Left: at low surfactant con- 
centration, a small amount of particles par- 
tially covered with surfactant is attached at 
interfaces, which mainly contain surfactant 
molecules. Bubbles/droplets are rather unsta- 
ble. Center: at intermediate surfactant con- 
centrations, bubbles/droplets are stable since 
their surfaces are covered with particles onto 
which a surfactant monolayer has been ad- 
sorbed, rendering them hydrophobic. Right: at 
high surfactant concentrations, very unstable 
bubbles/droplets contain an adsorbed surfac- 
tant layer; cationic particles coated with sur- 
factant bilayers and surfactant micelles remain 
dispersed in the aqueous phase. (Adapted with 
permission [10] Copyright 2008, The Royal So- 
ciety of Chemistry). (c) Positions of hydropho- 
bic SiO 2 NPs relative to the interface. As the 
sodium dodecyl sulfate (SDS) concentration in- 
creases (from left to right) at a fixed nanopar- 
ticle concentration, the hydrophobic nanopar- 
ticles are transported from the gas/oil phase to 
the aqueous phase due to SDS adsorption on the 
surface of nanoparticles. (Adapted with permis- 
sion [126] Copyright 2016, American Chem- 
ical Society). (d) Adsorption of the nonionic 
surfactant C 12 E 23 on a silica nanoparticle. The 
surfactant concentration increases from left to 
right. (Adapted with permission [99] Copyright 
2019, American Chemical Society). 
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dsorption on SiO 2 NPs is shown in Fig. 3 a, whereas Fig. 3 b depicts the
ubble/droplet stabilization through this synergy. 

Mixtures of cetyltrimethylammonium bromide (CTAB), which is one
f the cationic surfactants most used for foams and emulsions elabora-
ion, and SiO 2 NPs show higher surface/interfacial tension values com-
ared to those obtained for just surfactant solutions [ 14 , 76 , 81 ] since
urfactant adsorption onto the SiO 2 NPs causes free surfactant deple-
ion (surfactant is sequestered). Nevertheless, the opposite tendency has
een reported, especially at low surfactant concentrations [ 13 , 61 , 82 ].
oreover, the surfactant tail length has an effect on the surface tension

alue of C n TAB/SiO 2 NPs complexes [83] . Particle flocculation can oc-
ur when cationic surfactant-covered nanoparticles get closer as electro-
tatic repulsion is reduced. Interestingly, emulsion and foam stabiliza-
ion is enhanced when particles are flocculated since flocs may adsorb
t the interfaces, providing resistance to coalescence through increasing
ulk viscosity and diminishing drainage/creaming rate [ 10 , 11 , 13 , 14 ]. 

The electrostatic interaction principle observed in negatively
harged SiO 2 NPs-cationic surfactants synergy can be generalized for
ther SiO 2 NPs-surfactants systems. Emulsions elaborated with mix-
ures of alumina-coated SiO 2 NPs (positively charged) and an an-
onic surfactant showed their highest stability against creaming and
oalescence when elaborated with the most flocculated dispersions,
uggesting that oppositely charged SiO 2 NPs-surfactants combina-
ions offer the same stabilization mechanism in foams and emulsions
 84 , 85 ]. 

Stabilization of foams combining negatively charged SiO 2 NPs and
nionic surfactants has been discussed in terms of particle entrapment
n liquid channels, which contributes to slow down drainage [86] , and
5 
o increment the maximum capillary pressure of coalescence [87] . In
mulsions, the resistance to droplet coalescence was linked to liquid-
iquid interfaces stabilized by both surfactants and a considerably high
mount of nanoparticles [ 88 , 89 ], as well as a viscosity increase caused
y the formation of a particle network [89] . When negatively charged
ydrophilic SiO 2 NPs are mixed with anionic surfactants, a reduction in
he interfacial/surface tension is observed due to the electrostatic repul-
ive interactions that promote the surfactant adsorption at the oil-water
nterface and gas-water surface [ 81 , 88 , 90 , 91 ]. Since a part of an anionic
urfactant can be adsorbed onto the negatively charged silica surface,
hualli et al. [81] referred to these systems as supercharged. Interest-

ngly, it was recently demonstrated that the surface activity observed in
egatively charged SiO 2 NPs-anionic surfactants mixtures was mainly a
onsequence of a change in the system’s ionic strength [92] . 

Regarding hydrophobic SiO 2 NPs, hydrophobic interactions promote
he adsorption of anionic surfactant molecules on the silica surface [93] .
s shown in Fig. 3 c, when increasing anionic surfactant concentration,
urfactant tails adsorb on silica nanoparticles. Surfactant head groups
re exposed to the aqueous medium, which causes a decrease in the
ydrophobic character of nanoparticles and their gradual displacement
owards the aqueous phase. Although further exploration with other
nionic surfactants is required, studies report mixtures of partially hy-
rophobic SiO 2 NPs and sodium dodecyl sulfate (SDS) at diluted con-
entrations (below the critical micelle concentration, CMC) that present
ower surface/interfacial tension values compared to SDS solutions [94–
6] . In contrast, at higher surfactant concentrations, the opposite trend
s found [ 94 , 95 ]. The explanation of this behavior was given as fol-
ows: at low SDS concentrations, the adsorption of both surfactant and
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anoparticles-surfactant entities at the surface/interface decreases sur-
ace/interfacial tension; but when more SDS is added, it adsorbs onto the
anoparticles, which causes surfactant depletion at the fluid interface
nd an increase in the interfacial tension [ 95 , 96 ]. As expected, foams
nd emulsions elaborated with dispersions of anionic surfactants and
artially hydrophobic SiO 2 NPs are stabilized due to the formation of
rmors on the bubble/droplets interfaces that inhibit coalescence and
oarsening [ 95 , 97 , 98 ]. 

Concerning nonionic surfactants, it is known that polyethylene ox-
de (PEO)-based surfactants adsorb on SiO 2 NPs surface through hydro-
en bonding with the silanol groups [ 99 , 100 ]. As the surfactant con-
entration increases, a monolayer on the silica nanoparticle’s surface is
ormed; in this configuration, the surfactant molecules’ hydrophobic re-
ion is exposed to the aqueous phase, increasing the hydrophobicity of
he nanoparticle. At higher concentrations, a surfactant bilayer is formed
SiO 2 NPs become hydrophilic again) [ 99 , 101 ], and the presence of mi-
ellar aggregates on the silica surface is also claimed [ 102 , 103 ]. The
ifferent stages of PEO-based surfactant adsorption onto SiO 2 NPs are
hown in Fig. 3 d. 

The effect of the nonionic surfactant-SiO 2 NPs synergy on interfa-
ial/surface tension is not well established. While it is argued that these
ixtures induce an insignificant decrease or no change in the interfa-

ial/surface tension compared to pure surfactant solutions [90] , an in-
rease [ 82 , 104 ] and decrease are also reported [81] . Thus the interfa-
ial/surface tension trend in the presence of nonionic surfactants-SiO 2 
Ps seems to depend on the system itself. The SiO 2 NPs-nonionic surfac-

ant synergy positively impacts foam stability by inducing the formation
f nanoparticle flocs [ 33 , 105 ], increasing surface elasticity [ 33 , 99 , 105 ],
nd rising bulk viscosity [99] . Similarly, emulsions exhibited higher sta-
ility in the presence of particle flocs induced by the nonionic surfactant,
tructures that diminish droplet coalescence and decelerate creaming
 104 , 106 ]. 

The synergy cases between SiO 2 NPs and surfactants presented in the
receding paragraphs show how meticulously the selection of both the
ype of surfactant and the surface chemistry of the SiO 2 NPs should be to
each the expectations on foams and emulsions stabilization. Under this
ontext, diverse silica nanoparticle-surfactant pairs have been explored
o stabilize foams and emulsions with current and plausible applications
n engineering processes, as will be discussed in the next sections. 

. Literature review of SiO 2 nanoparticles-surfactants foams in 

ifferent research fields 

.1. Enhanced oil recovery (EOR) 

Enhanced oil recovery is one chemical engineering process that
as taken advantage of studies on foams. Injection of foams in
etroleum reservoirs attracted attention in 1958, when Bond & Hol-
rook [107] proposed this technique for EOR operations, offering a so-
ution for the low sweep efficiency of gas injection procedures. Foam
resents a larger apparent viscosity than that of the gas, allowing bet-
er control of viscous fingering and improving oil recovery [108] . Fur-
hermore, in porous media, foams divert from high-permeability layers
o those with a lower one, increasing the sweep efficiency [109–111] .
owever, for a correct implementation in EOR, foams require maximum

tability in the reservoirs, an issue that has been studied from different
erspectives. As described in this review, foams elaborated with mix-
ures of silica nanoparticles and surfactants present outstanding stabil-
ty, and, for this reason, their presence in petroleum recovery research
s significant. 

.1.1. Silica nanoparticles and cationic surfactants. Studies with 

witterionic and short compounds 

Different mixtures of SiO 2 NPs with cationic surfactants have
een reported to pursue effective oil recovery techniques. A study
as conducted where the synergy between hydrophilic SiO NPs and
2 

6 
he cationic surfactant ethyl hexadecyl dimethyl ammonium bromide
C 20 H 44 BrN) enhanced the lifetime of carbon dioxide (CO 2 ) foams gen-
rated with the Ross-Miles method [112] . Dynamic analysis of these
oams showed an increase in pressure drop and foam viscosity, and a
ecrease in mobility, which is positive for CO 2 injection processes. Fur-
hermore, flooding experiments in porous media carried out by Li et al.
113] provided enough evidence to consider the implementation of CO 2 
oams stabilized by CTAB-SiO 2 NPs in reservoir flooding. On the other
and, results from sand pack experiments were performed with nitro-
en (N 2 ) foams, whose air-water interfaces were covered by hydrophilic
iO 2 NPs-dodecyltrimethylammonium bromide (DTAB), indicating that
he nanoparticle armor around bubbles aided foams to present good sta-
ility in porous media and injection stages [114] . 

Not only cationic single-tailed surfactants have been explored. An in-
estigation performed by Pal et al. [115] exposed that air foams whose
nterfaces were covered by the gemini surfactant N, N ′ -bis(dimethyl
etradecyl) − 1,6-hexanediammonium bromide (14–6–14 GS), and SiO 2 
Ps are suitable systems for EOR applications thanks to their great sta-
ility, rheological properties, and propitious wettability behavior on
andstone rock specimens. In another report, foams elaborated with mix-
ures of the gemini surfactant ethanediyl- 𝛼, 𝜔 -bis(tetradecyl dimethyl
mmonium bromide) (14–2–14) and hydrophilic SiO 2 NPs were more
table than foams stabilized by the synergy between SiO 2 NPs and the
orresponding surfactant monomer, tetradecyltrimethylammonium bro-
ide (C 14 TABr) [116] . However, further foam characterization and
ooding experiments are necessary to propose the synergistic effect
etween these gemini surfactants and SiO 2 NPs as advantageous in
etroleum recovery processes. 

Comparisons between mixtures of SiO 2 NPs with different types of
urfactants have been performed in the quest to find an optimal foam
ith potential applications in oil recovery. In one report, the synergy
etween SiO 2 NPs and the ionic surfactant CTAB or SDS was evaluated
n terms of static foam stability and flow in a Hele - Shaw cell, finding
hat static experiments cannot provide enough information about foam
ow behavior in the presence of oil [117] . Data on foam flow showed
hat CTAB-SiO 2 NPs foams, which are oppositely charged to the silica
anoparticles, are more suitable in oil recovery processes than those
tabilized by SDS-SiO 2 NPs (like-charged) since the mobility of the first
nes is lower in the presence of a hydrocarbon. It was also reported that,
t an elevated temperature (80 °C), the stability of air foams containing
ydrophilic SiO 2 NPs and a cationic surfactant was higher than those
ontaining anionic or nonionic surfactants, mainly due to electrostatic
nteraction between SiO 2 NPs and cationic surfactant, and aggregation
henomena [118] . 

Mixtures of zwitterionic surfactants and SiO 2 NPs have also attracted
ttention to stabilizing foams for EOR purposes. In a study reported by
orthen et al. [119] , carbon dioxide foams were stabilized by the syn-

rgy of hydrophilic SiO 2 NPs and caprylamidopropyl betaine (CAPB) at
9.4 MPa and 50 °C. As CO 2 dissolves in the solution, it turns acidic. In
hese conditions, the surfactant becomes cationic and adsorbs onto the
ilica surfaces due to electrostatic attraction rendering them partially
ydrophobic. Then, these couples anchored at the gas-liquid interfaces
tabilize foams. As shown in Fig. 4 , the synergy between zwitterionic
urfactants below their isoelectric point (usually acid values) and SiO 2 
Ps follows a trend similar to that of cationic surfactants, i.e. , at mod-
rate adsorbed surfactant concentrations, SiO 2 NPs turn hydrophobic
nough to stabilize the interface. However, according to zeta potential
easurements, unlike the cationic ones, zwitterionic surfactants do not

dsorb in the form of bilayers on the silica surface. In a subsequent
tudy, CO 2 foams containing SiO 2 NPs and the zwitterionic surfactant
auramidopropyl betaine (LAPB, in solution with other betaine surfac-
ants at low concentration) were produced at 19.4 MPa and 50 °C too
120] . Beadpack results showed these foams as candidate systems to be
sed as displacement fluids in oil reservoirs, a statement that can be
xtended to foams studied in [119] . The potential use in EOR of CO 2 
oams in which the hydrophilic silica nanoparticles-zwitterionic surfac-
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Fig. 4. Schematic representation of the mechanism of CO 2 foam stabilization 
by hydrophilic nanoparticles and a zwitterionic surfactant in an acidic medium: 
(a) inadequate surfactant concentration; (b) moderate surfactant concentration; 
(c) excess surfactant concentration; (d) surfactant and nanoparticles flocculation 
and precipitation. (Reproduced with permission [122] Copyright 2018, Ameri- 
can Chemical Society). 
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ant synergy stabilizes interfaces was confirmed in a study performed by
i et al. [121] using hexadecyl hydroxypropyl sulfobetaine (HHSB) as a
urfactant. They reported a marked foam stability at 70 °C and 8 MPa,
nd the positive role of salinity on bubbles stability. In addition, the
heological properties of the studied foam supported its application in
il recovery processes. 

A comparative study between different surfactants and hydrophilic
iO 2 NPs on the stability of CO 2 foams was carried out using the Ross-
iles instrument as the foaming technique. The surfactants used in
ixtures with SiO 2 NPs were CTAB (cationic surfactant), sodium do-
ecylbenzene sulfonate (SDBS, anionic surfactant), polyethylene glycol
ert ‑octyl phenyl ether (Triton X-100 or TX-100, nonionic surfactant),
nd dodecyl dimethyl ammonium oxide (OA-12, zwitterionic surfactant)
122] . The foam produced with the zwitterionic surfactant presented
igher stability than the others, even at elevated temperatures; how-
ver, attention should be paid to NPs flocculation observed at elevated
urfactant concentration, as this may have adverse effects in EOR. 

Interestingly, the synergy between SiO 2 NPs and short amphiphilic
ompounds (generally with less than 8 carbon atoms) such as alky-
amines has been studied in foams stabilization following a similar
echanism as in the case of the cationic surfactants [123] . Alkylamines

dsorb onto the silica surfaces due to electrostatic interactions, expos-
ng their hydrophobic regions to the aqueous phase and modifying the
anoparticle wettability (hydrophobicity increases). Sandpack and plug-
ing experiments carried out with nitrogen foams stabilized by bare
iO 2 NPs combined with hexylamine showed that the most stable foams,
hich occurred at intermediate hexylamine concentrations, were the
ost effective in these processes due to their breakage resistance in
orous media. These observations were related to an increase in the
ilational viscoelasticity and bubble roughness [124] . Also, foams gen-
7 
rated with mixtures of propyl gallate and alumina-coated SiO 2 NPs
emonstrated good results in Berea sandstone cores flow and oil dis-
lacement experiments [125] . These two last reports extend the syner-
istic SiO 2 NPs behavior to short compounds such as hexylamine and
lkyl gallates, benefiting oil recovery operations and materials tailoring
as will be described in section 4.2). 

.1.2. Silica nanoparticles and anionic surfactants 

Combinations of SiO 2 NPs and anionic surfactants stabilizing foams
f different gases such as nitrogen, carbon dioxide, air, and others have
een explored for EOR purposes. In a first study, Sun et al. [35] demon-
trated that nitrogen foams’ stability in a brine medium was enhanced,
ven at high temperatures, when moderately hydrophobic SiO 2 NPs are
oupled with SDS. In addition, micromodel and sandpack flooding ex-
eriments indicated that oil recovery increased with nanoparticle con-
entration at a fixed SDS concentration of 0.5 wt%, reaching a steady
alue at a nanoparticle concentration of 1.5 wt%. Later, the same group
eported that these foams showed much better stability, diversion, and
il displacement results compared to SDS foams [ 95 , 97 ]. 

Carbon dioxide foams stabilized by SiO 2 NPs and SDS have been
ecently employed in oil recovery experiments. The synergy between
DS and hydrophobic SiO 2 NPs stabilizing CO 2 foams offered better
tability and performance in porous media at high temperatures than
nly SDS, particularly at an SDS/SiO 2 concentration ratio of 0.17 [126] .
isal et al. [29] reported pore plugging and flooding enhancement of
O 2 foams stabilized by mixtures of SDS and SiO 2 NPs with different
ettability: hydrophilic (bare silica), weakly hydrophobic (60% Si-OH),
nd hydrophobic (40% Si-OH). Their results showed that foams stabi-
ized with weakly hydrophobic nanoparticles were the most stable due
o their intermediate contact angle, leading to a bridging stabilization
echanism. Furthermore, it was found that this foam recovered 75%

f cumulative oil, the highest percentage compared to other foams, due
o its structural resistance in porous media. The mechanical strength
f SDS-SiO 2 NPs based foams has been explained as a consequence of
anoparticle interfacial attachment and aggregation at the liquid films
etween two bubbles (lamellae), which present a wider thickness com-
ared to SDS stabilized foams [127] . Also, CO 2 foams were the basis to
how that SDS-SiO 2 NPs coupling reduces SDS adsorption onto kaolinite
urfaces, which suggests this synergy can be used to diminish surfactant
dsorption on clay minerals, upgrading the foam behavior in porous
edia [128] . 

A comparative study between air and carbon dioxide foams, both
tabilized by mixtures of SDS and hydrophilic, hydrophobic SiO 2 NPs
50% Si-OH) or aluminum oxide nanoparticles (Al 2 O 3 ) was performed
y Yekeen et al. [129] . Air foams were most stable than the CO 2 ones due
o the high solubility of CO 2 in water; on the other hand, hydrophobic
iO 2 NPs (in synergy with SDS) were more favorable as foam stabilizers
han hydrophilic and aluminum oxide nanoparticles since the hydropho-
ic ones attach stronger at the interface. Hele-Shaw cell observations al-
owed predicting that air foams stabilized by SDS and hydrophobic SiO 2 
Ps may result in a promising system for propagation in porous media.
he same group also evaluated the effect of four oils (crude oil, paraffin
il, decane, and hexadecane) on the stability of foams stabilized by SDS
nd the two types of SiO 2 NPs just mentioned [130] . The experiments
evealed that foams are more susceptible to downfall in the presence of
ils with low viscosity and density, as their spreading coefficients (ten-
ency to spread) on the interfaces are large, which causes film thinning
nd further foam breakdown. 

Albeit SDS has been the most employed anionic surfactant cou-
led to SiO 2 NPs for foams stabilization, other anionic surfactants, as
lpha-olefin sulphonate (AOS), have also been evaluated in different
esearches. Studies on carbon dioxide foams stabilized by AOS and hy-
rophobic SiO 2 NPs pointed out that a bigger nanoparticle size offers
etter foam stability when a lower nanoparticle concentration is present.
n contrast, the smaller nanoparticles provide better results at high con-
entrations [131] . Recently, a systematic rheological study of N and
2 
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Fig. 5. Representation of the activation mechanism of nano- 
silica by the anionic surfactant C 10 –NPAS. (Reproduced with 
permission [86] Copyright 2019, Taylor & Francis Group, 
LLC). 
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O 2 foams stabilized by hydrophilic SiO 2 NPs, and AOS was carried out
y Du et al. [132] , which provided useful rheological information for
il recovery and carbon storage processes. From this research, it was
oncluded that N 2 foams present higher viscosity and better rheological
roperties than CO 2 foams and that, although the presence of sodium
hloride decreases the viscosity of CO 2 foams, oil does not seem to have
 viscosity effect on this type of foam. 

Foams stabilized with the anionic surfactant sodium dodecyl ben-
enesulfonate (SDBS), and SiO 2 NPs have also been reported, inter-
stingly, in hydraulic fracturing applications. Lv et al. [133] investi-
ated the surface and bulk rheology, filtration, and proppant settling
elocity of nitrogen foams containing SDBS and partially hydrophobic
iO 2 NPs, concluding that stability and thermal adaptability of SDBS
oam increased when nanoparticles were present. It was also shown
hat the proppant-carrying ability of SiO 2 NPs-SDBS foam considerably
ncreased compared to SDBS foam and that its core damage was low.
roppant-carrying capacity is relevant in hydraulic fracturing since it
uarantees the fracturing fluid can retain open the wellbore fractures
134] . In a later report, a mixture of SDBS, SDS, and erucyl amidopropyl
etaine (zwitterionic surfactant EAPB) to which SiO 2 NPs were added,
videnced the remarked role of nanoparticles in enhancing air foam sta-
ility and fracturing conductivity, achieving a better proppant suspen-
ion [135] . Other goals of this investigation were to provide a hydraulic
racturing model, and general remarks on the use of surfactant-SiO 2 NPs
tabilized foams for hydraulic fracturing operations. 

Although the vast majority of the anionic surfactants used in com-
ination with SiO 2 NPs to stabilize foams for EOR applications rely on
he studies so far mentioned, other interesting studies involving other
nionic surfactants are found in the literature. In a recent report, par-
ially hydrophobic SiO 2 NPs combined with sodium lauryl sulfate (SLS)
ere used to generate and stabilize N 2 foams in a porous medium us-

ng a microfluidic chip [136] . Interestingly, it was concluded that the
eneration of foams with and without nanoparticles share the same
lassical constitutive equation, shedding light on the birth and death
hroughout porous media of foams stabilized by SiO 2 NPs and surfac-
ants. Lately, the use of N 2 foams stabilized with partially hydrophobic
iO 2 NPs and the FRC-1 anionic surfactant in EOR applications under
igh temperature was experimentally and numerically evaluated [34] .
RC-1 is a clean fracturing fluid composed of: 2.5% viscoelastic surfac-
ant, 0.1% special stabilizing agent, and the corresponding balance of
% saline water [137] . Micromodel experiments showed that foams con-
aining SiO 2 NPs-surfactant were more stable against coalescence and
oarsening than foams elaborated only with a surfactant, whereas the
andpack flooding tests evidenced an enhanced oil recovery too. The
imulation study confirmed these last results. On the other hand, Long
t al. [86] explored air foams stabilized by hydrophilic SiO 2 NPs and the
onylphenol - substituted decylsulfonate surfactant C 10 –NPAS, reporting
he in-situ activation of SiO 2 NPs by C 10 –NPAS through hydrogen-bonds
nteractions with the phenolic hydroxyl groups and the subsequent par-
icle location in the liquid films, providing resistance to bubble coales-
ence, as shown in Fig. 5 . They also proposed a method for solid foam
 h  

8 
haracterization based on the use of poly(vinyl alcohol) (PVA) as a sup-
orter. Since the obtained solid soft materials provide insights into the
oam structure, this last technique can be useful to characterize diverse
anoparticle-stabilized aqueous foams. 

According to a recent work [138] , binary surfactant systems of an
nternal olefin sulfonate series (IOS) and sodium polyethylene glycol
onohexadecyl ether sulfate (C 32 H 66 Na 2 O 5 S), can act together with
ydrophobic SiO 2 NPs to enhance the stability of air foams with ei-
her deionized water (DI) or bine as the continuous phase. This research
lso analyzed the effect on foam stability of the length of the surfac-
ant’s tail and the presence of alkane oils with different chain lengths,
ffering valuable information for foam flooding processes where hydro-
arbons and brines are involved. Fatty alcohol polyoxyethylene ether
odium sulfates (AES) constitute an anionic-nonionic surfactant class
hose synergy with alumina-coated SiO 2 NPs has also been success-

ully used to stabilize methane (natural gas) foams in the presence of
il and salt, creating an optimal flow through porous media in contact
ith oil [84] . Two stabilization mechanisms were indicated: an increase
f the interfacial dilatational elasticity and the presence of flocs in the
oam structure. Moreover, the addition of salt aided the foam stability at
igh temperatures, constituting an advantage since the presence of salt
imics the conditions in reservoirs [ 84 , 139 ]. Even more, AES demon-

trated a better synergistic effect with alumina-coated SiO 2 NPs than
DS since SDS interacts with SiO 2 NPs through electrostatic attraction,
hereas AES do it through both electrostatic attraction and hydrogen
onds [139] . Other anionic surfactants in combination with SiO 2 NPs
oated with polyethylene glycol (PEG) have been used in the stabiliza-
ion of nitrogen [ 87 , 140 ] and air [141] foams for EOR operations. 

Although different surfactants can be useful in EOR, the selection
ill be made based on the minimum adsorption on oil reservoirs since

urfactant loss implies economic issues. In this manner, cationic surfac-
ants could not be appropriate for sandstone reservoirs, whereas anionic
urfactants may be avoided in processes involving carbonate reservoirs
142] . 

.1.3. Silica nanoparticles and nonionic surfactants 

In a similar trend to foams stabilized by SiO 2 NPs and
ationic/anionic surfactants, gas dispersions containing SiO 2 NPs and
onionic surfactants have attracted great interest in EOR and related
perations. Dynamic tests experiments of nitrogen foams containing hy-
rophilic SiO 2 NPs and alcohol ethoxylate nonionic surfactants indi-
ated that these foams were resistant in porous media, a characteristic
esired in gas mobility control. Foam stability was explained in terms of
ocs formation, which diminished coalescence and drainage rate [105] .

n recent years, Li et al. [99] studied the synergistic interactions be-
ween lauryl alcohol polyoxyethylene ether (C 12 E 23 ) and different hy-
rophilicity degree SiO 2 NPs on stabilization of CO 2 foams. They found
hat the synergistic effect was more pronounced for nanoparticles with
igher hydrophilicity and that foams stabilized by mixtures of these
anoparticles and C 12 E 23 presented the highest sweep efficiency, en-
ancing oil recovery in porous media. The authors also explained the
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Fig. 6. Sketch of nanoparticles’ adsorption at the 
CO 2 -water interface with increasing C 12 E 23 concen- 
tration from (a) to (d). (Reproduced with permission 
[99] Copyright 2019, American Chemical Society). 
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ifferent surfactant adsorption stages developed when the surfactant
oncentration is varied at a fixed nanoparticle amount. At a low sur-
actant concentration, hydrophilic nanoparticles are not able to stabilize
he CO 2 foams ( Fig. 6 a); however, when the surfactant concentration in-
reases, a loose C 12 E 23 monolayer is formed on the nanoparticle surface,
hich augments their foam stabilization capacity ( Fig. 6 b). By increas-

ng surfactant concentration, a dense surfactant monolayer is formed
n the nanoparticle surface, the optimal nanoparticle hydrophobicity is
eached and the optimal surfactant-nanoparticle synergy for CO 2 foams
tabilization is exhibited ( Fig. 6 c). Lastly, at higher surfactant concentra-
ions, surfactant adsorbs as a double layer onto silica surfaces, nanopar-
icles turn hydrophilic again, the foam stability decreases, and micelles
re also formed ( Fig. 6 d). 

.2. Materials engineering 

Some reports on foams stabilized by the combined effect of SiO 2 NPs
nd surfactants have notoriously influenced materials research. On the
ne hand, different methodologies for producing responsive foams with-
ut requiring complex formulations have been developed. This is rele-
ant in applications where foams are temporarily required, for example
n certain cosmetic products, as well as in foam flooding and floating.
n the other hand, studies on foams stabilized by mixtures of surfactants
nd nanoparticles have opened a course for elaborating porous materi-
ls that may be used as catalysts, separation media, and even biomedical
caffolds [143] . 

.2.1. Responsive foams and innovative formulations 

One way to obtain responsive/switchable foams is the electrostatic
lay between hydrophilic SiO 2 NPs, a cationic surfactant (CTAB or
TAB), and an anionic surfactant (SDS). These foams can be stabilized
y a precise amount of cationic surfactant and destabilized by the ad-
ition of an equal quantity (moles) of anionic surfactant, and so on
or many cycles [144] . Zwitterionic surfactants offer the possibility to
9 
laborate responsive foams, too, as was recently explored using dode-
yl dimethyl carboxyl betaine (C 12 B) and hydrophilic SiO 2 NP, vary-
ng the pH [145] . The surfactant became cationic at pH < 4, adsorbed
n the silica’s surface, and stabilized air-water interfaces. If pH went
igher than 10, the surfactant turned zwitterionic again, the adsorp-
ion onto SiO 2 NPs was reduced since electrostatic interactions dimin-
sh, and then foams collapsed. Currently, pH-controlled nitrogen foams
ave been elaborated for potential use in EOR. These foams, stabilized
y mixtures of fatty alcohol ethoxylated carboxymethylated surfactants
nd partially hydrophobic SiO 2 NPs, exhibited the highest foam stability
nd oil displacement efficiency at pH = 9, a consequence of the deproto-
ation process [146] . Despite this last report does not present the stud-
ed foams as responsive systems, it offers a new and accessible chemical
ecipe to control the foam stability according to particular needs. 

In a striking study, it was observed that the addition of SDS caused
he transition from liquid marbles to aqueous foams as hydrophobic SiO 2 
Ps became more and more hydrophilic [147] . In other words, a tran-

ition from macroscopic aqueous drops to bubbles (both stabilized by
iO 2 NPs and surfactants) was achieved. The transition reported offers
 practical method to obtain liquid foams and liquid marbles from the
ame original system, which is advantageous because of the feasible ap-
lications of liquid marbles in cosmetics formulation and micro-reactors
esign, among others [ 148 , 149 ]. 

Two novel foams for material formulations have been just commu-
icated. One study focuses on foams elaborated with hydrophilic SiO 2 
Ps, CTAB, and FS-50 (a short-chain fluorocarbon surfactant) as a start-

ng point for using surfactant-SiO 2 NPs foams in firefighting applications
150] . The other work presented, through small-angle neutron scatter-
ng (SANS) experiments and molecular dynamics (MD) simulations, dif-
erent scenarios of the adsorption of a fatty acid (decanoic acid) onto
he surface of propylamine-functionalized SiO 2 NPs: patchy aggregates
r monolayers. Authors discussed the link between the fatty acid adsorp-
ion form on SiO 2 NPs and the stability of foams elaborated with these
ixtures, and suggest that the information obtained may be of interest

n the design of cosmetics and food foams [38] . 
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Fig. 7. Monodisperse foams were obtained at various amine concentrations (c a ) and two particle concentrations (c p ), 5 and 10 wt%. For c p < 5 wt% foams could 
not be created in the microfluidic device in the defined range of amine concentrations, evolving by coalescence. For c a = 1 wt%, at c p = 5 wt% and c p = 10 wt%, 
limited coalescence and almost no coalescence is observed, respectively. At c p = 10 wt%, coarsening is still present. At higher c a , coarsening is also stopped and bulk 
gelation is observed. All bubble sizes are around 500 𝜇m. (Reproduced with permission [152] Copyright 2012, The Royal Society of Chemistry). 
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.2.2. Elaboration of macroporous materials 

Gonzenbach et al. [ 123 , 151 ] visualized a method to tailor porous
aterials starting from wet highly-stable foams stabilized by different
ixtures of particles and amphiphiles, including the combination of hy-
rophilic SiO 2 NPs and hexylamine. The authors found out that foam air
ontent and bubble size could be controlled by varying particle size, the
ype of amphiphile, and the concentration of both elements. However,
 clear picture of foam stabilization by the synergistic effect of SiO 2 NPs
nd an alkylamine (n-amylamine) was offered years later by Arriaga
t al. [152] in a study where monodisperse foams were produced with a
icrofluidic technique. In this work, different stability schemes depend-

ng on the nanoparticle and amylamine concentration were observed.
 limited coalescence regime followed by coarsening is observed for
mylamine concentrations ≈ 1 wt% and nanoparticle concentration of
 wt%. By increasing both nanoparticle and amylamine concentrations,
oalescence was suppressed, and foams evolved just by coarsening. By
dding more amylamine, coalescence and coarsening were stopped en-
irely, likely due to bulk gelation. The three stages discussed are depicted
n Fig. 7 . It is known that as alkylamines adsorb on hydrophilic SiO 2 
P, the surface coverage increases up to a point where nanoparticle ag-
regation occurs due to hydrophobic interaction between alkylamines
hains. The formed aggregates trigger the system gel formation, which
eightens foam stability [153] . 

. Literature review of SiO 2 nanoparticles-surfactants emulsions 

n different research fields 

.1. Enhanced oil recovery (EOR) 

Both emulsions’ injection into petroleum reservoirs and the in situ
mulsion formation have triggered attention in EOR, especially when
orking with heavy oils. By diverting the flow to unswept zones and

ntraining oil into the continuous phase, emulsion flooding provides re-
10 
arkable efficiency sweeps [154–157] . Nonetheless, a requirement for
mulsions to be used in EOR is a high lifetime, where emulsions stabi-
ized by SiO 2 NPs-surfactants mixtures have found a prominent position
n petroleum recovery. 

After performing core flooding experiments (using crude oil) and mi-
roscopic observations, Pei et al. [158] concluded that biodiesel-in-brine
ater emulsions with interfaces stabilized by hydrophilic SiO 2 NPs-
TAB, induced higher tertiary oil recoveries (reaching increments of
ver 40%) and sweep efficiency compared to only surfactant-stabilized
mulsions. Emulsions formulated with mixtures of SiO 2 NPs and CTAB
ould present higher stability and viscosity than SDS-SiO 2 NPs stabilized
mulsions due to electrostatic interactions between CTAB and silica sur-
aces [89] . Nevertheless, It is necessary to analyze interfacial tension
eduction, rock wetting properties, and emulsion stability altogether to
elect a system for enhanced oil displacement and porous media pro-
esses [159] . 

At present, emulsions elaborated with anionic surfactants and SiO 2 
Ps are also of interest in petroleum engineering. Lin et al. [160] per-

ormed an investigation on diesel oil-in-water emulsions stabilized by
ixtures of SiO 2 NPs and traces of the anionic surfactant SDBS. The
estabilization of diesel oil-in-water emulsions happened when adding
mall amounts of either CTAB or CaCl 2 (calcium chloride), which imple-
ented an easy demulsification method with possible oil transportation

pplication. Another recent study reported that emulsions containing
iO 2 NPs and SDS showed a remarkable viscosity increase compared to
hose without nanoparticles, although for SiO 2 NPs-CTAB emulsions this
ncrease was more marked [161] . In any case, the viscosity increase in
oth types of emulsions could be advantageous for possible uses in per-
eability profile modification. Interestingly, petroleum sulfonate (PS,

n anionic surfactant mixture of different polarity fractions [162] ) has
ecently proved to be a good emulsifier combined with silane-modified
iO NPs for crude oil/water dispersions [98] . The data obtained in this
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ast report are significant since PS has a strong presence in oil recovery
perations [163] . 

.2. Materials engineering 

In the last decade and analogous to foams, SiO 2 NPs-surfactants sta-
ilized emulsions have positively impacted materials research. While in
any cases a long-stable emulsion is desired, in some applications, a

ontrolled emulsion formation and collapse (or inversion) is needed, as
n oil transport and active ingredients release. Then, the formulation of
esponsive emulsions has emerged, not only for surfactant emulsions but
or those including SiO 2 NPs. Elaboration of porous materials is another
esearch line where emulsions stabilized by surfactants and SiO 2 NPs
ave gained interest, as these materials involve potential applications in
atalysis, tissue engineering, and thermal processes [164] . Recently, the
anufacturing applications of emulsions stabilized by SiO 2 NPs and sur-

actants opened a new path (3D-printing of Newtonian fluids) since the
ormation of tubules and cylindrical emulsion droplets has been reached
165] . 

.2.1. Responsive emulsions 

A double phase inversion in emulsions was reported for water- n-

odecane dispersions stabilized by mixtures of hydrophilic SiO 2 NPs
nd the di-chain surfactant didecyldimethylammonium bromide (di-
 10 DMAB) [166] . Increasing the amount of di-C 10 DMAB at a fixed
anoparticle concentration produces a double inversion. First, the
hange from O/W to W/O emulsion comes up as a result of a sur-
actant monolayer adsorbed on silica surfaces that turns nanoparticles
ydrophobic. When more surfactant is added, a transition from W/O
o O/W emulsion occurs due to a surfactant bilayer formation on the
anoparticle’s surface that turns nanoparticles hydrophilic again. Two
dditional double-chain surfactants with different hydrocarbon chain
engths (8 and 12 carbons) were later considered [167] . The double
mulsion inversion was observed for these two surfactants in a similar
rend to di-C 10 DMAB cases, although in the case of di-C 12 DMAB double
mulsions were formed at surfactant concentrations in the vicinity of
nversion limits. It was also demonstrated that double inversion could
ccur by increasing the nanoparticle amount at a fixed surfactant con-
entration. A novel method to induce an O/W to W/O inversion and
ice versa in emulsions stabilized by hydrophilic SiO 2 NPs and N-(2-((2-
minoethyl)amino)ethyl)octadecenamide (C 18 PDA surfactant) was de-
eloped by Liu et al. [168] . Inversions were triggered by modulating the
urfactant-nanoparticles interactions in the presence of the sodium car-
onate salt (Na 2 CO 3 ), up to the point of high salt concentration where
emulsification occurs. The system’s peculiar rheological properties at
he transition point, their efficiency in the filter-cake cleanup, and the
o need for extreme pH conditions convert these emulsions into a green
ossibility in drilling procedures. 

Curiously, the synergistic interaction of hydrophilic
iO 2 NPs with single-chain cationic surfactants as CTAB,
TAB, or with the gemini surfactant trimethylene-
i(tetradecacyloxyethyldimethylammoniumbromide) (II-14–3) sta-
ilizes O/W emulsions (toluene-in-water) but does not promote the
/W to W/O emulsion inversion [169] . On the contrary, a double-
hain cationic surfactant does induce a double emulsion inversion since
he density of hydrocarbon chains adsorbed on the nanoparticles is
nhanced, increasing the nanoparticles’ hydrophobicity up to a value
here phase inversion is possible. Also, it was recently reported that
ixtures of hydrophilic SiO 2 NPs with either multiple quaternary am-
onium salts (MQAS-12) or bis-quaternary ammonium salts (BQAS-12)
o not induce emulsion inversion from O/W to W/O [170] . 

Emulsions stabilized with SiO 2 NPs-cationic surfactants can become
nstable by adding a certain amount of an anionic surfactant ( Fig. 8 a
nd 8 b), as was observed for dodecane-in-water emulsions (as well as
or toluene-in-water and tricaprylin-in-water emulsions) containing hy-
rophilic SiO NPs in combination with CTAB or DTAB, in which an
2 

11 
quimolar amount of sodium alkylsulfates (C 6 –C 12 ) was added [171] .
he explanation for this behavior was the ion-pairing formation be-
ween the cationic and anionic surfactants, which causes the desorp-
ion of cationic surfactants from the silica surface. The restabilization
f the emulsions was possible by adding the corresponding amount of
ationic surfactant again and so on. Whereas alkyl sulfates with chain
engths of 10 and 12 carbons were effective demulsifiers for samples
ith CTAB or DTAB, shorter alkyl sulfates (6 and 8 carbons) did not
ave a demulsifier effect in DTAB samples. They had only a slight effect
n CTAB emulsions, suggesting that a minimum number of total carbons
re required to induce demulsification ( Fig. 8 c and 8 d). 

Another approach for emulsions control was proposed by Jiang
t al. [172] in a study where the surfactant N ’-dodecyl- N,N -
imethylacetamidinium bicarbonate, in synergistic effect with hy-
rophilic SiO 2 NPs, stabilized n -octane-in-water emulsions, which were
estabilized and restabilized by bubbling N 2 and CO 2 , respectively, in-
ucing the surfactant cationic form (active) and the neutral one (inac-
ive). However, the temperatures needed to trigger the emulsion sta-
ility changes are high for N 2 and low for CO 2 , constituting a limita-
ion in the process. In some instances, varying the pH values allows
aving a stable or unstable emulsion. Switchable water-in-diesel oil
mulsions were obtained based on the pH response of SiO 2 NPs and
 18 PDA surfactant, remaining stable at pH 2–12 but demulsified at ex-
reme pH values [173] . At extreme acidic conditions, the amine pro-
onates, and a strong electrical repulsion between amine groups and
iO 2 NPs prevents nanoparticles’ adsorption at the oil-water interface.
n contrast, in an extremely basic medium, the electrical repulsion be-
ween nanoparticles does not allow silica flocculation, and nanoparti-
les are dispersed in the aqueous phase. pH-responsive emulsions can
e also prepared based on the synergistic effect of hydrophilic SiO 2 
Ps - dodecyldimethylcarboxylbetaine (C 12 B, a zwitterionic surfactant)

174] . Droplets in toluene - in - water and n - decane - in-water emulsions
ere stable to coalescence at pH ≤ 5 and suffered total phase separation
t pH > 8.5; this means emulsions could be switched from stable in an
cidic medium (surfactant in the cationic form) to unstable in a basic
ne. 

Interestingly, temperature-responsive toluene-in-water and
odecane-in-water emulsions can be produced by mixing hydrophilic
iO 2 NPs with small amounts of an alkyl polyoxyethylene monododecyl
ther nonionic surfactant (C 12 E 2 , C 12 E 3 , C 12 E 4 , C 12 E 5, and C 12 E 10 )
175] . At room temperature, emulsions were stable for months, but
ubmitted to high temperatures and stirring, they presented phase
eparation in a couple of hours or tens of minutes, depending on the
emperature imposed, surfactant concentration, and head group length.
hen, the emulsion was restored when cooled at room temperature and
omogenized. It was demonstrated that this destabilization-stabilization
rocess could be cyclically continued. As temperature increases, hy-
rogen bond interactions between the nonionic surfactant and SiO 2 
Ps lose strength, and so does emulsion stability. With this method, a
ractical and more ecological route to obtain responsive emulsions is
roposed for cases where the required energy for heating/cooling can
e supplied without further problems. 

An antagonistic effect between SiO 2 NPs and nonionic surfac-
ants has been observed in some emulsified systems. Katepally et al.
176] studied how SiO 2 NPs with different hydrophobicity degrees influ-
nced hexadecane-in-water emulsions stabilized by Triton X-100. When
ydrophilic nanoparticles were added, droplet ripening and flocculation
ook place, appearing nanoparticle aggregation at high concentrations,
ut no phase separation was evidenced. However, emulsions suffered a
otal phase separation when partially hydrophobic SiO 2 NPs were added
 Fig. 9 a and 9 b). Although hydrophilic nanoparticles interact with silica
urfaces through hydrogen bonding and induce surfactant depletion at
he oil - water interface, this depletion is not strong enough to cause phase
eparation. Partially hydrophobic SiO 2 NPs, instead, interact with the
onionic surfactant through hydrophobic interactions, highly promot-
ng surfactant depletion and, consequently, emulsion destabilization oc-



Z. Briceño-Ahumada, J.F.A. Soltero-Martínez and R. Castillo Chemical Engineering Journal Advances 7 (2021) 100116 

Fig. 8. Switching between stable and unstable (a) 
toluene-in-water emulsion and (b) tricaprylin-in-water 
emulsion, both 1:1 emulsions, containing 0.5 wt% sil- 
ica nanoparticles in combination with 0.01 mM CTAB 
with the successive addition of 0.01 mM SDS, and sub- 
sequently 0.01 mM CTAB. Pictures were taken 24 h 
(stable) and 30 min (unstable) after surfactant ad- 
dition, respectively. Demulsification of dodecane-in- 
water (1:1) emulsions stabilized by (c) 0.5 wt% sil- 
ica + 0.1 mM DTAB, or (d) by 0.5 wt% silica + 0.01 mM 

CTAB, by adding an equimolar amount of sodium 

alkylsulfate of different chain lengths (indicated) fol- 
lowed by handshaking. Pictures were taken 2 h af- 
ter shaking. (Adapted with permission [171] Copyright 
2015, American Chemical Society). 
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urs, as portrayed in Fig. 9 c. The same effects were later witnessed after
he addition of SiO 2 NPs of different hydrophobicities in cyclohexane-
n-oil emulsions stabilized by sorbitan monooleate (SPAN 80) [177] .

hereas the addition of hydrophilic and hydrophobic nanoparticles led
o an inefficient and no emulsion destabilization, respectively, partially
ydrophobic nanoparticles did demulsify the surfactant-stabilized emul-
ions. This work explained that hydrophobic nanoparticles did not act
s demulsifiers due to the weak hydrophobic interactions with the non-
onic surfactant. Cases in which the release of nanoparticles occurred
ave been also addressed. It was demonstrated that the interfacial dis-
lacement of partially hydrophobic SiO 2 NPs from oil-water interfaces
s promoted by adding an anionic surfactant (SDS) above the critical mi-
elle concentration and mixing [ 178 , 179 ]. These results may be relevant
or rapid liberation of a cosmetic/drug from droplets. 

There is no doubt that low-cost systems are desired in all the appli-
ations where emulsions are involved; consequently, studies in which
mulsions require low quantities of surfactant to be stabilized are rele-
ant. Small amounts of the zwitterionic surfactant CAPB, with a high
ydrophilic-lipophilic balance (HLB) value, mixed with hydrophilic
iO 2 NPs, have been effectively used to stabilize dodecane-in-water
mulsions [180] . Because of the high surfactant CMC and its weak ad-
orption on the nanoparticles’ surface, a large surfactant amount can ad-
orb at the oil-water interface, lowering the interfacial tension and lead-
ng to the generation of small stable droplets. In the last couple of years,
eports on emulsions stabilized by very low concentrations of both hy-
rophilic SiO 2 NPs and SDS [181] or SDBS [182] have been presented.
ince surfactant and SiO 2 NPs are like-charged, droplets are scarcely
anoparticle-surfactant coated, and nanoparticles are dispersed in the
ontinuous phase. Whereas repulsion between droplets diminishes coa-
escence events, the dispersed nanoparticles decrease the creaming rate,
nd droplet flocculation and coalescence. However, in all emulsion for-
ulations, the effect of mixing conditions [88] and the oil phase’s polar

haracter [22] should be taken into account, as these factors influence
mulsion stability. 
m  

12 
.2.2. Elaboration of macroporous materials 

A method to tailor hierarchical porous materials from toluene
roplets stabilized by CTAB-SiO 2 NPs was described by Studart et al.
36] . This technique mainly relied on two processes: production of
onodisperse micrometric droplets and drying. The obtention of a

losed or interconnected macroporosity depended on the interfacial sta-
ilizing agent (nanoparticles or surfactant molecules). As in foams, short
ompounds as hexylamine can act synergistically with SiO 2 NPs for
mulsion stabilization [183] . It was observed that this synergy signif-
cantly improved the stability of octane-in-water emulsions, hindering
roplet coalescence and Ostwald ripening. In virtue of their high stabil-
ty and the feasibility of tuning their microstructure, these emulsions can
e used as a starting point in the fabrication of macroporous ceramics
ollowing a process that includes emulsification, drying, and sintering
37] . 

Water-in-styrene high internal phase emulsions (HIPEs) stabilized
y hydrophobic SiO 2 NPs and sorbitantrioleate (Span 85) have been
sed as templates for polymerization and elaboration of hierarchically
orous materials tailored by modifying the nanoparticle and surfactant
oncentrations [106] . Hence, surfactant-nanoparticle stabilized HIPEs
onstitute a path for developing porous materials with applications in
atalysis and biomedical engineering scaffolds, among others. It is pos-
ible that, in future years, SiO 2 NPs-surfactants stabilized emulsions will
xpand their applications in catalysis without the need of elaborating a
acroporous material, i.e., in their liquid form, as the case of particle-

tabilized emulsions [184] . 

.3. Food and farmaceutical engineering 

Elaboration of food products has motivated the exploration of
urfactant-nanoparticle stabilized emulsions prepared with “food-
rade ” surfactants and oils. Pichot et al. [39] analyzed the stability of
egetable oil-in-water emulsions containing hydrophilic SiO 2 NPs and
onooleate-1-glycerin (monoolein), a nonionic surfactant of natural ori-
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Fig. 9. Pictures of Triton-X-100-stabilized 
hexadecane-in-water emulsions with increasing 
concentrations (in wt%) of added hydrophilic (A200) 
and partially hydrophobic fumed silica particles 
(R816) in the aqueous phase. (a) A200: (i) 0, (ii) 0.05, 
(iii) 0.1, (iv) 0.5, and (v) 1, creaming (migration to 
the top) of the emulsion droplets is observed, but no 
visible phase separation of oil and water. (b) R816: 
(i) 0, (ii) 0.05, (iii) 0.1, (iv) 0.5, and (v) 1, creaming 
of the emulsion droplets is observed; visible phase 
separation of oil and water is visible above 0.5 wt%. 
(c) Schematic representation of adsorption behavior 
of Triton-X-100 nonionic surfactant molecules on 
particle surfaces of different hydrophilicities. Left: 
hydrogen bonding between the ethoxylated head 
groups and OH groups on the hydrophilic fumed 
silica particle surface. Right: hydrophobic interactions 
between the alkyl groups of the surfactant tails and 
the silanized fumed silica particle surface. (Adapted 
with permission [176] Copyright 2016, American 
Chemical Society). 
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in. The authors proposed that the stability of the prepared emulsions is
upported in a two - faced mechanism. Monoolein acts delaying droplet
oalescence and reducing interfacial tension aiding nanoparticles to at-
ach at the oil-water interfaces and therefore stabilize the emulsion.
oth nanoparticle and monoolein concentrations were the main param-
ters on which the stabilization mechanism relies. In another study per-
ormed by the same authors [185] , the synergistic interaction between
ydrophilic SiO 2 NPs and surfactants with different HLB values on stabi-
izing vegetable oil-water emulsions was examined. The surfactants cho-
en were lecithin (HLB ~ 4), polyoxyethylene sorbitan monostearate
Tween 60, HLB = 14.9), and sodium caseinate (NaCaS, HLB ~ 14).
ue to surfactant HLB values, emulsions containing Tween 60 or NaCaS
ere O/W type, whereas those with lecithin were W/O type, and al-

hough the three kinds of emulsions prepared showed stability against
oalescence, a different effect resulted as surfactant concentration was
aried. In O/W emulsions, SiO 2 NPs were shifted to the continuous
hase when surfactant concentration augmented, up to a point where
anoparticles-surfactant emulsions behave as surfactant-stabilized since
urfactant strongly competes with nanoparticles for a “position ” at the
nterface ( Fig. 10 ). W/O emulsions, in turn, did not suffer interfacial
anoparticle removal and were stable at any surfactant concentration. 

SPAN 80 is a nonionic surfactant frequently used as a food additive.
ome efforts to prepare emulsions with SiO 2 NPs and this surfactant
ave been carried out; in this manner, the techniques and results could
e somehow extrapolated to food engineering. Drelich et al. [186] ver-
fied the excellent stability of water-in-paraffin oil emulsions stabilized
y the synergy of hydrophobic SiO 2 NPs and SPAN 80, compared to that
bserved for just SPAN 80-stabilized emulsions. This enhanced emulsion
tability was later attributed to a structural network formed by droplets
ridged through nanoparticles [187] . 

In another work [188] , SPAN 80 was chosen to study its synergis-
ic effect with SiO 2 NPs presenting different hydrophobicity degrees in
ighly concentrated emulsions (HCE) of overcooled solutions of inor-
anic salts in a paraffin compound. The authors observed that all sur-
actant/nanoparticle ratios exhibit a transitional point below which the
anoparticle concentration controlled the emulsion stability, whereas
13 
urfactants controlled above this point. Emulsions showed their highest
tability when prepared at this transitional point and it was proposed
hat the highest stability was reached when surfactant reverse micelles
nduced maximum particle flocculation. A recent investigation demon-
trated that the addition of SPAN 80 to water-in-1-bromohexadecane
ispersions stabilized by silica nanoparticles had a notorious influence
n the emulsions’ rheological properties, depending on the wettability
f the nanoparticles [189] . Whereas the viscosity of emulsions contain-
ng hydrophobic nanoparticles increased after the addition of SPAN 80,
he viscosity of emulsions with partially hydrophobic nanoparticles de-
reased. These findings offered a practical method to modify the flowing
roperties of emulsions. 

On the other hand, it is well known that emulsions constitute a valu-
ble system in pharmaceutical engineering, and those elaborated with
ilica nanoparticles and surfactants are not the exception. Eskandar et al.
190] studied dispersions of Miglyol 812 (caprylic/capric triglyceride)
n water stabilized with the combination of either lecithin or oleylamine
nd hydrophilic SiO 2 NPs. Emulsions containing Miglyol 812 provide
seful data for pharmacy research since this substance has been used as
n oral vehicle to enhance compounds’ solubility [ 191 , 192 ]. Authors
ound that both the emulsification and emulsion stability depended on
hich phase nanoparticles were initially dispersed, regardless of the sur-

actant used. When nanoparticles were first present in the oil phase, the
mulsions’ stability was improved; if nanoparticles were added from the
queous phase instead, no stabilization occurred due to repulsive elec-
rostatic and hydration forces. At present, it seems mixtures of SiO 2 NPs
nd environmentally-friendly surfactants will be more relevant in cos-
etics and drug formulations, as reported for lemongrass essential oil-

n-water emulsions [193] . Specifically, the synergistic effect between
he green surfactant PEG-4 Rapeseedamide and hydrophilic SiO 2 NPs
mpacted the rheological properties of the aforementioned emulsions,
n which a significant increase in the elastic and viscous moduli was
bserved. 

Additionally to O/W and W/O emulsions (simple emulsions), the
ombined effect of silica nanoparticles and nonionic surfactants has
roven advantageous in pre - double emulsions formulation stabilization,
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Fig. 10. Schematic representation of NPs displacement by surfactant in O/W emulsions according to [185] . Left: at low surfactant concentrations (0.4 wt%), both 
NPs and surfactant are adsorbed at the oil-water interface, and the oil droplet size is small. Center: at moderate surfactant concentrations (0.6 wt% and 1 wt%), some 
droplets are as those at lower surfactant concentrations, and others have no NPs at the interface (droplet size increases). Right: at higher surfactant concentration 
NPs at the oil-water interface have been totally replaced by surfactant. In the last two stages, NPs are displaced into the aqueous phase. 
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s stated by Wang et al. [194] . These emulsions, where rutin was cho-
en as a drug model, consisted of droplets of glycerol-rutin blends dis-
ersed in evening primrose oil, which then were diluted in an aqueous
edium. The double emulsions’ great stability was attributed to the syn-

rgistic interaction between hydrophobic SiO 2 NPs and a nonionic sur-
actant (polyethylene glycol sorbitan monolaurate known as Tween 20,
olyoxyethylene sorbitan monopalmitate known as Tween 40, Tween
0, polyethylene glycol sorbitan monooleate known as Tween 80, or
acrogolglycerol hydroxystearate known as RH40). It is worthy to point

ut that in vitro experiments demonstrated that pre-double emulsions,
here rutin was encapsulated, presented a higher skin permeation and
rug distribution than rutin aqueous solutions. This investigation in-
icates that nonionic surfactant-SiO 2 NPs could play a significant role
n the formulation of pre-double emulsions used as drug vehicles and,
herefore, in the pharmaceutical and cosmetic industry. 

It is relevant to mention that the industrial generation of emulsions
ay find a proper path in confined impinging jets (CIJs), a recent emul-

ification technique. This method has been used to prepare sunflower
il-in-water emulsion, whose interfaces were stabilized by mixtures of
ydrophilic SiO 2 NPs and Tween 20 [195] . It was evidenced that emul-
ion stability predominantly depended on nanoparticle and surfactant
oncentrations, whereas CIJs operation conditions influenced droplet
uantitative aspects. Energy-saving and the versatility to produce dif-
erent emulsions formulation are some advantages of the CIJs technique
hat encourage more profound studies for its implementation. 

.4. The case of bicontinuous emulsions 

So far in this manuscript, emulsions seen as droplet dispersions have
een explored. Emulsions where two immiscible phases form percolat-
ng liquid domains in which interfaces are stabilized by particles exist
nd are called bicontinuous interfacially jammed emulsions gels (bijels)
196] . Since the first experimental report on bijels, more than a decade
go [197] , different efforts have been carried out to obtain these materi-
ls, as their promising applications include cross-flow systems, scaffolds
or catalysis, tissue engineering, and encapsulation-release [196] . 

Bijels were first obtained separating a binary liquid mixture via spin-
dal decomposition, stabilizing the two fluids channel’s interfaces with
eutrally wetted particles (contact angle ≈ 90°) [197-199] . This method,
owever, exhibits some limitations that bring problems in practice, such
s a highly meticulous particle surface tuning to get a neutrally wetting
ehavior, the need for liquid mixtures which throughout spinodal de-
omposition separate into two liquid domains with approximately the
ame volume, a sufficiently fast quench rate that ensures spinodal de-
omposition (avoiding nucleation), and the hazardous character of one
14 
f the compounds of the mixtures usually used. Hence, these issues mo-
ivated the research of new bijel creation techniques involving SiO 2 NPs
nd surfactants. 

A proposal to obtain bijels was developed based on solvent transfer-
nduced phase separation (STRIPS) [200] . In this method, hydrophilic
iO 2 NPs and CTAB are dispersed in a three-liquid mixture ( Fig. 11 a)
ontaining ethanol, water, and oil (hexanedioldiacrylate, diethylphtha-
ate, or butylacrylate). Then, this mixture is injected, using syringe
umps, into a glass capillary concentrically aligned in an external glass
apillary. The continuous phase in the outer capillary is an aqueous
TAB solution that flows in the same direction as the internal mixture
 Fig. 11 b). As this operation proceeds, the solvent is extracted from the
ernary mixture to the continuous phase. This causes a phase separa-
ion through spinodal decomposition, and a bicontinuous structure sta-
ilized by particles attached at the interfaces is produced. Precisely, hy-
rophilic SiO 2 NPs are dispersed in the ternary mixture, which contains
n amount of CTAB, and, as stated in previous sections, the surfactant
dsorbs onto the surface of the nanoparticles by electrostatic interac-
ions and partially increases their hydrophobicity. Therefore, nanopar-
icles anchor at oil-water interfaces, arresting the phase separation and
tabilizing the bicontinuous emulsion formed. Fig. 11 a–f shows the es-
ential features involved in the STRIPS method. It was later reported that
he stability of STRIPS bijels could be achieved by choosing the appro-
riate combination between silica nanoparticles’ wettability and the sur-
actant structure [201] . Although acrylate-functionalized nanoparticles
partially hydrophobic nanoparticles) stabilize STRIPS bijels, a marked
nhancement on the bijel stability is observed when dodecyltrimethyl-
mmonium bromide (C 12 TAB) is added. On the other hand, nanopar-
icles containing 3 - glycidoxy - propyl - trimethoxysilane groups (strongly
ydrophilic nanoparticles) required a double chain surfactant (dihex-
decyl dimethylammonium bromide (C 16 ) 2 TAB) to stabilize the bijel. 

In a subsequent study, bijels were successfully prepared following
 two-step mixing protocol for a glycerol-silicon oil system containing
ilica nanoparticles and CTAB [202] . During mixing, droplets of one of
he liquids are generated, and the interfacial nanoparticle concentration
ill drive either spherical or non-spherical droplets. As mixing contin-
es, droplets are distorted and then break up to arrange into a domain
etwork. Once the nanoparticles’ contact angle is modified by the sur-
actant adsorption on their surface, SiO 2 NPs stabilize the created liquid
omains’ interfaces. In Fig. 11 g a confocal image of the bijel obtained
y mixing is observed, and the bicontinuous interconnected structure
an be distinguished. Additionally to a correct mixing procedure and a
roper amount of CTAB to modify the silica nanoparticles’ wettability,
he high viscosity of the liquids used is an important parameter since it
ontributes to slow down the system dynamics. 
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Fig. 11. Bijel structure formation via STRIPS. (a) Equilibrium phase diagram of the ternary liquid system comprising diethyl phthalate (DEP), ethanol, and water 
(volume fractions). Arrows qualitatively depict the average compositional path, initiating at point 1 as a homogeneous ternary liquid mixture, progressing to points 
2 and 3, and eventually to points 4 and 5 as the mixture phase separates due to ethanol loss and water uptake. The scheme of the surface modification of silica 
nanoparticles by CTAB or amine-functionalized silica by docusate sodium salt (AOT) is presented below the phase diagram. (b) Representation of bijel fiber formation 
in a device made of concentrically aligned glass capillaries (diameters = 50 and 300 𝜇m): The ternary liquid mixture containing CTAB and suspended nanoparticles 
flows like a jet from a nozzle into a water stream of pH 3 containing CTAB 1 × 10 − 3 M. (c) Images of bijel microparticle and bijel fiber formation: high-speed images of 
the ternary droplet-pinch off at low CTAB concentration, 0.8 × 10 − 3 M, in the ternary mixture. The image below shows the pinch - off at elevated CTAB concentration, 
8.3 × 10 − 3 M, in the ternary mixture. Liquid jet at a high flow rate of the ternary mixture (300 𝜇L h − 1 ) and after polydiallyldimethylammonium chloride surface 
modification of the capillary. Below: images of the jet at different longitudinal positions. (d) Photograph of the collection of a continuous bijel fiber flowing out of the 
microfluidic device. (e) Operation diagram showing the effect of flow rate on the bijel structure formed in the capillary device. (f) Representation of bijel membrane 
formation: a hydrophobic substrate is coated with a thin film of the CTAB and silica doped ternary mixture and afterward immersed into a water bath. (Reproduced 
with permission [200] Copyright 2015, John Wiley and Sons). (g) A mosaic of four confocal micrographs taken close together and aligned to show the morphology 
on a several millimeters scale. The green is the fluorescein isothiocyanate (FITC) labeled nanoparticles and red is the Nile Red labeled glycerol. (Reproduced with 
permission [202] Copyright 2017, The Royal Society of Chemistry). 
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Table 1 

Summary of the different SiO 2 NPs-surfactant pairs used on the stabilization of foams. 

Research field NPs type Surfactant type References 

EOR Hydrophilic Cationic (single-tailed, double-tailed, gemini) [ 112–118 , 122 ] 

Zwitterionic [ 119–122 , 135 ] 

Short compound [123–125] 

Anionic [ 29 , 84 , 86 , 117 , 118 , 122 , 127–132 , 135 , 139 ] 

Nonionic [ 99 , 105 , 118 , 122 ] 

Hydrophobic and partially 

hydrophobic 

Anionic [ 29 , 34 , 35 , 95 , 97 , 126 , 127 , 129 , 130 , 133 , 138 ] 

Responsive 

systems and 

novel 

formulations 

Hydrophilic Cationic [ 144 , 150 ] 

Anionic [ 146 , 147 ] 

Zwitterionic [145] 

Hydrophobic and partially 

hydrophobic 

Anionic [ 146 , 147 ] 

Fatty acid [38] 

Macroporous 

materials 

Hydrophilic Short compounds [ 123 , 151 , 152 ] 

Hydrophobic and partially 

hydrophobic 

Not reported 

Table 2 

Summary of the different SiO 2 NPs-surfactant pairs used on the stabilization of emulsions. 

Research field NPs type Surfactant type References 

EOR Hydrophilic Cationic [ 89 , 158 , 159 ] 

Anionic [ 89 , 159 , 160 ] 

Nonionic [159] 

Hydrophobic and partially 

hydrophobic 

Anionic [98] 

Responsive 

systems 

Hydrophilic Cationic [166–171] 

Zwitterionic and switchable [172–174] 

Nonionic [175–177] 

Hydrophobic and partially 

hydrophobic 

Nonionic [176–177] 

Anionic [ 178,179 ] 

Macroporous 

materials 

Hydrophilic Cationic [36] 

Short compounds [ 37 , 183 ] 

Hydrophobic and partially 

hydrophobic 

Nonionic [106] 

Food and 

pharmaceutical 

engineering 

Hydrophilic Nonionic [ 39 , 185 , 188 , 193–195 ] 

Cationic, anionic [ 190 ] 

Hydrophobic and partially 

hydrophobic 

Nonionic [ 186–189 ] 

Bijels 

elaboration 

Hydrophilic Cationic [200–202] 

Hydrophobic and partially 

hydrophobic 

Cationic [201] 
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The final choice of a bijel elaboration’s method will certainly rely on
he material’s ultimate application and the laboratory facilities. With the
TRIPS method, it is possible to fabricate bijel microparticles, fibers, and
embranes [200] . However, the mixing technique offers bijel produc-

ion without the restraints of phase diagrams, and a practical means to
tudy the rheological properties of the bicontinuous emulsion produced
203] . 

. Summary of the systems discussed 

Summaries of the foams and emulsions revised in this manuscript are
resented in Tables 1 and 2 , respectively. Tables include the different
esearch fields where both systems are studied. It is observed that hy-
rophilic SiO 2 NPs are preferred over hydrophobic NPs or with a certain
egree of hydrophobicity. This is most probably linked with the fact that
iO 2 NPs are hydrophilic in the natural form. Then, to obtain hydropho-
ic SiO 2 NPs, surface modification reactions and purification routes are
equired. Tables 1 and 2 , together with the information in Section 2
f this manuscript, allow establishing a general rule in selecting SiO 2 
Ps-surfactant pairs to achieve a good synergistic effect. Cationic sur-

actants, as well as zwitterionic and alkylamines, are usually chosen to
ix with hydrophilic SiO 2 NPs, which is related to electrostatic interac-

ions. On the other hand, anionic surfactants are mainly employed with
ydrophobic (or partially hydrophobic) SiO 2 NPs due to hydrophobic
nteractions. Of course, exceptions to this rule are found depending on
he application context, for example, oil reservoir conditions. Regarding
16 
onionic surfactants, especially the case of “food-grade ” and potential
harmaceutical emulsions, experiments with either hydrophilic or hy-
rophobic SiO 2 NPs are performed. 

. Conclusions 

Abundant evidence of the stabilization of aqueous foams and emul-
ions by the combined action of silica nanoparticles and surfactants was
iven in this review. In the last decade, surfactant molecules adsorption
n silica nanoparticle surfaces has been claimed as a practical and non-
xpensive route to modify silica nanoparticles’ wettability to stabilize
ubbles and droplets. Certainly, mixtures of silica nanoparticles with
ationic, zwitterionic, anionic, or nonionic surfactants contribute to en-
ance foams and emulsions lifetime; however, from the reports here re-
iewed, it can be assumed that the best synergistic effect will mainly
epend on the interactions between the selected silica nanoparticle-
urfactant pair. 

Throughout these pages, it was clear that most of the foams and
mulsions revised are directly linked to applications in different process
ngineering areas. The elaboration of macroporous materials and the
ormulation of responsive systems definitely have an impact on mate-
ials engineering; the injection of SiO 2 NPs-surfactants stabilized foams
nd emulsions into laboratory - made, or pilot scale oil reservoirs is of in-
erest in petroleum engineering; single and pre-double emulsions used
s drug carriers attracted attention in the pharmaceutical manufactur-
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ng, and “food-grade ” emulsions became promising systems in food en-
ineering. 

One can envisage that the number and applications of foams and
mulsions stabilized by silica nanoparticles and surfactant mixtures will
ncrease in the near future, although their final implementation in indus-
rial processes will depend on their toxicological, environmental, and
conomic scrutiny. Ultrastable foams and emulsions at high tempera-
ures, switchable systems, foams to liquid marbles transitions, crude oil
mulsions, and bijels, are some of the current and future research lines
hat will surely strengthen. Indeed, novel synthesis of surfactants and
hemical modifications of silica nanoparticles’ surface will also be rele-
ant for the formulation of foams and emulsions containing both stabi-
izers. 

A few reviews on mixtures of nanoparticles and surfactants stabiliz-
ng emulsions and foams are found in the literature, although, to the best
f our knowledge, this is the first one focused only on silica nanoparti-
les and surfactants. We undoubtedly think this review offers valuable
nformation, as silica nanoparticles are largely used in both laboratories
nd industry. 

eclaration of competing interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

cknowledgments 

ZB-A acknowledges a DGAPA Fellowship. Financial support from
EP-CONACyT (A1-S-15587) and DGAPA-UNAM (IN-106321) is grate-
ully acknowledged. 

eferences 

[1] P. Stevenson , Foam Engineering: Fundamentals and Applications, John Wiley &
Sons, Chichester, 2012 . 

[2] F. Leal-Calderon, V. Schmitt, J. Bibette, Emulsion Science, Basic Prin-
ciples, Second, Springer Science & Business Media, New York, 2007,
doi: 10.1007/978-0-387-39683-5 . 

[3] B.P. Binks, Particles as surfactants —similarities and differences, Curr. Opin. Colloid
Interface Sci. 7 (2002) 21–41, doi: 10.1016/s1359-0294(02)00008-0 . 

[4] W. Ramsden, Separation of solids in the surface-layers of solutions and ‘sus-
pensions’ (observations on surface-membranes, bubbles, emulsions, and mechan-
ical coagulation). —Preliminary account, Proc. R. Soc. Lond. 72 (1904) 156–164,
doi: 10.1098/rspl.1903.0034 . 

[5] S.U. Pickering, Emulsions, J. Chem. Soc. Trans. 91 (1907) 2001–2021,
doi: 10.1039/ct9079102001 . 

[6] A. Stocco, E. Rio, B.P. Binks, D. Langevin, Aqueous foams stabilized solely by par-
ticles, Soft Matter 7 (2011) 1260–1267, doi: 10.1039/c0sm01290d . 

[7] A. Cervantes-Martinez, E. Rio, G. Delon, A. Saint-Jalmes, D. Langevin, B.P. Binks,
On the origin of the remarkable stability of aqueous foams stabilised by nanopar-
ticles : link with microscopic surface properties, Soft Matter 4 (2008) 1531–1535,
doi: 10.1039/b804177f . 

[8] R. Aveyard, B.P. Binks, J.H. Clint, Emulsions stabilised solely by col-
loidal particles, Adv. Colloid Interface Sci. 100–102 (2003) 503–546,
doi: 10.1016/s0001-8686(02)00069-6 . 

[9] Y. Chevalier, M.-.A. Bolzinger, Emulsions stabilized with solid nanoparticles: pick-
ering emulsions, Colloids Surf. A Physicochem. Eng. Asp. 439 (2013) 23–34,
doi: 10.1016/j.colsurfa.2013.02.054 . 

[10] B.P. Binks, M. Kirkland, J.A. Rodrigues, Origin of stabilisation of aqueous
foams in nanoparticle–surfactant mixtures, Soft Matter 4 (2008) 2373–2382,
doi: 10.1039/b811291f . 

[11] F. Carn, A. Colin, O. Pitois, M. Vignes-Adler, R. Backov, Foam drainage in the
presence of nanoparticle − surfactant mixtures, Langmuir 25 (2009) 7847–7856,
doi: 10.1021/la900414q . 

[12] E. Dickinson, R. Ettelaie, T. Kostakis, B.S. Murray, Factors controlling the formation
and stability of air bubbles stabilized by partially hydrophobic silica nanoparticles,
Langmuir 20 (2004) 8517–8525, doi: 10.1021/la048913k . 

[13] Q. Lan, F. Yang, S. Zhang, S. Liu, J. Xu, D. Sun, Synergistic effect of sil-
ica nanoparticle and cetyltrimethyl ammonium bromide on the stabilization of
O/W emulsions, Colloids Surf. A Physicochem. Eng. Asp. 302 (2007) 126–135,
doi: 10.1016/j.colsurfa.2007.02.010 . 

[14] B.P. Binks, J.A. Rodrigues, W.J. Frith, Synergistic interaction in emulsions stabi-
lized by a mixture of silica nanoparticles and cationic surfactant, Langmuir 23
(2007) 3626–3636, doi: 10.1021/la0634600 . 

[15] H.E. Bergna, W.O. Roberts (Eds.), Colloidal Silica: Fundamentals and Applications,
CRC Press, Boca Raton, 2006 . 
17 
[16] The Freedonia GroupWorld Speciality Silicas-Demand and Sales Forecasts, Market
Share, Market Size, Market Leaders, The Freedonia Group, Cleveland, OH, 2016 . 

[17] G. Kaptay, Interfacial criteria for stabilization of liquid foams by solid
particles, Colloids Surf. A Physicochem. Eng. Asp. 230 (2004) 67–80,
doi: 10.1016/j.colsurfa.2003.09.016 . 

[18] T.N. Hunter, R.J. Pugh, G.V. Franks, G.J. Jameson, The role of particles in sta-
bilising foams and emulsions, Adv. Colloid Interface Sci. 137 (2008) 57–81,
doi: 10.1016/j.cis.2007.07.007 . 

[19] B.P. Binks, S.O. Lumsdon, Influence of particle wettability on the type
and stability of surfactant-free emulsions, Langmuir 16 (2000) 8622–8631,
doi: 10.1021/la000189s . 

[20] C.P. Whitby, D. Fornasiero, J. Ralston, Structure of oil-in-water emulsions stabilised
by silica and hydrophobised titania particles, J. Colloid Interface Sci. 342 (2010)
205–209, doi: 10.1016/j.jcis.2009.10.068 . 

[21] B.P. Binks, A.K.F. Dyab, P.D.I. Fletcher, Contact angles in relation to emul-
sions stabilised solely by silica nanoparticles including systems containing room
temperature ionic liquids, Phys. Chem. Chem. Phys. 9 (2007) 6391–6397,
doi: 10.1039/b711174f . 

[22] B.P. Binks, C.P. Whitby, Nanoparticle silica-stabilised oil-in-water emulsions: im-
proving emulsion stability, Colloids Surf. A Physicochem. Eng. Asp. 253 (2005)
105–115, doi: 10.1016/j.colsurfa.2004.10.116 . 

[23] B.P. Binks, A.T. Tyowua, Influence of the degree of fluorination on the be-
haviour of silica particles at air–oil surfaces, Soft Matter 9 (2013) 834–845,
doi: 10.1039/c2sm27395k . 

[24] T. Kostakis, R. Ettelaie, B.S. Murray, Effect of high salt concentrations on the
stabilization of bubbles by silica particles, Langmuir 22 (2006) 1273–1280,
doi: 10.1021/la052193f . 

[25] H. Barthel, Surface interactions of dimethylsiloxy group-modified fumed
silica, Colloids Surf. A Physicochem. Eng. Asp. 101 (1995) 217–226,
doi: 10.1016/0927-7757(95)03179-h . 

[26] P.D.I. Fletcher, B.L. Holt, Controlled silanization of silica nanoparticles to stabi-
lize foams, climbing films, and liquid marbles, Langmuir 27 (2011) 12869–12876,
doi: 10.1021/la2028725 . 

[27] C. Griffith, H. Daigle, On the shear stability of water-in-water Pickering emulsions
stabilized with silica nanoparticles, J. Colloid Interface Sci. 532 (2018) 83–91,
doi: 10.1016/j.jcis.2018.07.087 . 

[28] C. Griffith, H. Daigle, Manipulation of Pickering emulsion rheology using hy-
drophilically modified silica nanoparticles in brine, J. Colloid Interface Sci. 509
(2018) 132–139, doi: 10.1016/j.jcis.2017.08.100 . 

[29] A.R. Risal, M.A. Manan, N. Yekeen, N.B. Azli, A.M. Samin, X.K. Tan, Experimental
investigation of enhancement of carbon dioxide foam stability, pore plugging, and
oil recovery in the presence of silica nanoparticles, Petrol. Sci. 16 (2019) 344–356,
doi: 10.1007/s12182-018-0280-8 . 

[30] F. Ebrahimi, R. Farazi, E.Z. Karimi, H. Beygi, Dichlorodimethylsilane mediated one-
step synthesis of hydrophilic and hydrophobic silica nanoparticles, Adv. Powder
Technol. 28 (2017) 932–937, doi: 10.1016/j.apt.2016.12.022 . 

[31] Z. Daneshfar, F. Goharpey, J.K. Yeganeh, Preparation and characterization of mod-
ified SiO 2 nanospheres with dichlorodimethylsilane and phenyltrimethoxysilane,
Mater. Res. Express. 5 (2018) 095005, doi: 10.1088/2053-1591/aad4de . 

[32] A. Maestro, E. Guzmán, E. Santini, F. Ravera, L. Liggieri, F. Ortega, R.G. Rubio,
Wettability of silica nanoparticle–surfactant nanocomposite interfacial layers, Soft
Matter 8 (2012) 837–843, doi: 10.1039/c1sm06421e . 

[33] T.N. Hunter, E.J. Wanless, G.J. Jameson, R.J. Pugh, Non-ionic surfactant interac-
tions with hydrophobic nanoparticles: impact on foam stability, Colloids Surf. A
Physicochem. Eng. Asp. 347 (2009) 81–89, doi: 10.1016/j.colsurfa.2008.12.027 . 

[34] T. Lu, Z. Li, D. Hou, Z. Xu, X. Ban, B. Zhou, Experimental and numerical evaluation
of surfactant-nanoparticles foam for enhanced oil recovery under high temperature,
Energy Fuels 34 (2020) 1005–1013, doi: 10.1021/acs.energyfuels.9b03000 . 

[35] Q. Sun, Z. Li, S. Li, L. Jiang, J. Wang, P. Wang, Utilization of surfactant-stabilized
foam for enhanced oil recovery by adding nanoparticles, Energy Fuels 28 (2014)
2384–2394, doi: 10.1021/ef402453b . 

[36] A.R. Studart, J. Studer, L. Xu, K. Yoon, H.C. Shum, D.A. Weitz, Hierarchical porous
materials made by drying complex suspensions, Langmuir 27 (2010) 955–964,
doi: 10.1021/la103995g . 

[37] I. Akartuna, A.R. Studart, E. Tervoort, L.J. Gauckler, Macroporous ceram-
ics from particle-stabilized emulsions, Adv. Mater. 20 (2008) 4714–4718,
doi: 10.1002/adma.200801888 . 

[38] Y. Ma, Y. Wu, J.G. Lee, L. He, G. Rother, A.-.L. Fameau, W.A. Shelton, B. Bharti,
Adsorption of fatty acid molecules on amine-functionalized silica nanoparti-
cles: surface organization and foam stability, Langmuir 36 (2020) 3703–3712,
doi: 10.1021/acs.langmuir.0c00156 . 

[39] R. Pichot, F. Spyropoulos, I.T. Norton, Mixed-emulsifier stabilised emulsions: in-
vestigation of the effect of monoolein and hydrophilic silica particle mixtures on
the stability against coalescence, J. Colloid Interface Sci. 329 (2009) 284–291,
doi: 10.1016/j.jcis.2008.09.083 . 

[40] N. Yekeen, M.A. Manan, A.K. Idris, E. Padmanabhan, R. Junin, A.M. Samin,
A.O. Gbadamosi, I. Oguamah, A comprehensive review of experimental studies
of nanoparticles-stabilized foam for enhanced oil recovery, J. Pet. Sci. Eng. 164
(2018) 43–74, doi: 10.1016/j.petrol.2018.01.035 . 

[41] D. Arab, A. Kantzas, S.L. Bryant, Nanoparticle stabilized oil in wa-
ter emulsions: a critical review, J. Pet. Sci. Eng. 163 (2018) 217–242,
doi: 10.1016/j.petrol.2017.12.091 . 

[42] J.W. Gibbs , The collected works of J. Willard Gibbs, 1, Longmans:Green, New York,
1928 . 

[43] N. Ballard, A.D. Law, S.A.F. Bon, Colloidal particles at fluid interfaces: behaviour
of isolated particles, Soft Matter 15 (2018) 1186–1199, doi: 10.1039/c8sm02048e .

http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0001
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0001
https://doi.org/10.1007/978-0-387-39683-5
https://doi.org/10.1016/s1359-0294(02)00008-0
https://doi.org/10.1098/rspl.1903.0034
https://doi.org/10.1039/ct9079102001
https://doi.org/10.1039/c0sm01290d
https://doi.org/10.1039/b804177f
https://doi.org/10.1016/s0001-8686(02)00069-6
https://doi.org/10.1016/j.colsurfa.2013.02.054
https://doi.org/10.1039/b811291f
https://doi.org/10.1021/la900414q
https://doi.org/10.1021/la048913k
https://doi.org/10.1016/j.colsurfa.2007.02.010
https://doi.org/10.1021/la0634600
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0015
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0016
https://doi.org/10.1016/j.colsurfa.2003.09.016
https://doi.org/10.1016/j.cis.2007.07.007
https://doi.org/10.1021/la000189s
https://doi.org/10.1016/j.jcis.2009.10.068
https://doi.org/10.1039/b711174f
https://doi.org/10.1016/j.colsurfa.2004.10.116
https://doi.org/10.1039/c2sm27395k
https://doi.org/10.1021/la052193f
https://doi.org/10.1016/0927-7757(95)03179-h
https://doi.org/10.1021/la2028725
https://doi.org/10.1016/j.jcis.2018.07.087
https://doi.org/10.1016/j.jcis.2017.08.100
https://doi.org/10.1007/s12182-018-0280-8
https://doi.org/10.1016/j.apt.2016.12.022
https://doi.org/10.1088/2053-1591/aad4de
https://doi.org/10.1039/c1sm06421e
https://doi.org/10.1016/j.colsurfa.2008.12.027
https://doi.org/10.1021/acs.energyfuels.9b03000
https://doi.org/10.1021/ef402453b
https://doi.org/10.1021/la103995g
https://doi.org/10.1002/adma.200801888
https://doi.org/10.1021/acs.langmuir.0c00156
https://doi.org/10.1016/j.jcis.2008.09.083
https://doi.org/10.1016/j.petrol.2018.01.035
https://doi.org/10.1016/j.petrol.2017.12.091
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0042
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0042
https://doi.org/10.1039/c8sm02048e


Z. Briceño-Ahumada, J.F.A. Soltero-Martínez and R. Castillo Chemical Engineering Journal Advances 7 (2021) 100116 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2  
[44] P.G. de Gennes , F. Brochard-Wyart , D. Quéré, Capillarity and Wetting Phenomena:
Drops, Bubbles, Pearls, Waves, Springer-Verlag, New York, 2004 . 

[45] T. Pompe, S. Herminghaus, Three-phase contact line energetics from nanoscale liq-
uid surface topographies, Phys. Rev. Lett. 85 (2000) 1930–1933, doi: 10.1103/phys-
revlett.85.1930 . 

[46] S.P. McBride, B.M. Law, Influence of line tension on spherical colloidal particles
at liquid-vapor interfaces, Phys. Rev. Lett. 109 (2012) 196101, doi: 10.1103/phys-
revlett.109.196101 . 

[47] S. Liu, A. Pandey, J. Duvigneau, J. Vancso, J.H. Snoeijer, Size-dependent submerg-
ing of nanoparticles in polymer melts: effect of line tension, Macromolecules 51
(2018) 2411–2417, doi: 10.1021/acs.macromol.7b02353 . 

[48] M. Zeng, J. Mi, C. Zhong, Wetting behavior of spherical nanoparticles at a vapor–
liquid interface: a density functional theory study, Phys. Chem. Chem. Phys. 13
(2011) 3932–3941, doi: 10.1039/c0cp02192j . 

[49] F. Bresme, N. Quirke, Nanoparticulates at liquid/liquid interfaces, Phys. Chem.
Chem. Phys. 1 (1999) 2149–2155, doi: 10.1039/A901006H . 

[50] R. Bey, B. Coasne, C. Picard, Probing the concept of line tension down to the
nanoscale, J. Chem. Phys. 152 (2020) 094707, doi: 10.1063/1.5143201 . 

[51] P.R. Garrett , Defoaming: Theory and Industrial Applications, CRC Press, Boca Ra-
ton, 1992 . 

[52] A.T. Tyowua , Liquid Marbles: Formation, Characterization, and Applications, CRC
Press, Boca Raton, 2019 . 

[53] P.A. Kralchevsky, I.B. Ivanov, K.P. Ananthapadmanabhan, A. Lips, On the thermo-
dynamics of particle-stabilized emulsions: curvature effects and catastrophic phase
inversion, Langmuir 21 (2005) 50–63, doi: 10.1021/la047793d . 

[54] A.-.L. Fameau, A. Salonen, Effect of particles and aggregated struc-
tures on the foam stability and aging, C.R. Phys. 15 (2014) 748–760,
doi: 10.1016/j.crhy.2014.09.009 . 

[55] G. Loglio, U. Tesei, R. Miller, R. Cini, Dilational viscoelasticity of fluid interfaces:
the diffusion model for transient processes, Colloids Surf. 61 (1991) 219–226,
doi: 10.1016/0166-6622(91)80311-b . 

[56] Y.-.Y. Wang, Y.-.H. Dai, L. Zhang, L. Luo, Y.-.P. Chu, S. Zhao, M.-.Z. Li, E.-
.J. Wang, J.-.Y. Yu, Hydrophobically modified associating polyacrylamide solu-
tions:relaxation processes and dilational properties at the oil − water interface,
Macromolecules 37 (2004) 2930–2937, doi: 10.1021/ma049923v . 

[57] A. Stocco, W. Drenckhan, E. Rio, D. Langevin, B.P. Binks, Particle-stabilised foams:
an interfacial study, Soft Matter 5 (2009) 2215–2222, doi: 10.1039/b901180c . 

[58] H. Zhou, C. Dai, Q. Zhang, Y. Li, W. Lv, R. Cheng, Y. Wu, M. Zhao, Interfacial rhe-
ology of novel functional silica nanoparticles adsorbed layers at oil-water interface
and correlation with Pickering emulsion stability, J. Mol. Liq. 293 (2019) 111500,
doi: 10.1016/j.molliq.2019.111500 . 

[59] M. Schmitt-Rozières, J. Krägel, D.O. Grigoriev, L. Liggieri, R. Miller, S. Vincent-
Bonnieu, M. Antoni, From spherical to polymorphous dispersed phase transition in
water/oil emulsions, Langmuir 25 (2009) 4266–4270, doi: 10.1021/la804214m . 

[60] A.B. Subramaniam, C. Mejean, M. Abkarian, H.A. Stone, Microstructure, morphol-
ogy, and lifetime of armored bubbles exposed to surfactants, Langmuir 22 (2006)
5986–5990, doi: 10.1021/la060388x . 

[61] A. Maestro, E. Rio, W. Drenckhan, D. Langevin, A. Salonen, Foams stabilised
by mixtures of nanoparticles and oppositely charged surfactants: relationship be-
tween bubble shrinkage and foam coarsening, Soft Matter 10 (2014) 6975–6983,
doi: 10.1039/c4sm00047a . 

[62] S. Arditty, C.P. Whitby, B.P. Binks, V. Schmitt, F. Leal-Calderon, Some general
features of limited coalescence in solid-stabilized emulsions, Eur. Phys. J. E 11
(2003) 273–281, doi: 10.1140/epje/i2003-10018-6 . 

[63] I. Cantat, S. Cohen-Addad, F. Elias, F. Graner, R. Höhler, O. Pitois, F. Rouyer,
A. Saint-Jalmes, Foams: Structure and Dynamics, Oxford University Press, Oxford,
2013, doi: 10.1093/acprof:oso/9780199662890.001.0001 . 

[64] G. Kaptay, On the equation of the maximum capillary pressure induced by
solid particles to stabilize emulsions and foams and on the emulsion stabil-
ity diagrams, Colloids Surf. A Physicochem. Eng. Asp. 282 (2006) 387–401,
doi: 10.1016/j.colsurfa.2005.12.021.49 . 

[65] M. Visschers, J. Laven, R. van der Linde, Forces operative during film
formation from latex dispersions, Prog. Org. Coat. 31 (1997) 311–323,
doi: 10.1016/s0300-9440(97)00089-1 . 

[66] T.S. Horozov, B.P. Binks, Particle-stabilized emulsions: a bilayer or
a bridging monolayer? Angew. Chem. Int. Ed. 45 (2006) 773–776,
doi: 10.1002/anie.200503131 . 

[67] T.S. Horozov, Foams and foam films stabilised by solid particles, Curr. Opin. Colloid
Interface Sci. 13 (2008) 134–140, doi: 10.1016/j.cocis.2007.11.009 . 

[68] T.S. Horozov, B.P. Binks, T. Gottschalk-Gaudig, Effect of electrolyte in silicone oil-
in-water emulsions stabilised by fumed silica particles, Phys. Chem. Chem. Phys. 9
(2007) 6398–6404, doi: 10.1039/b709807n . 

[69] D. Stamou, C. Duschl, D. Johannsmann, Long-range attraction between colloidal
spheres at the air-water interface: the consequence of an irregular meniscus, Phys.
Rev. E 62 (2000) 5263–5272, doi: 10.1103/physreve.62.5263 . 

[70] B.J. Park, E.M. Furst, Attractive interactions between colloids at the oil–water in-
terface, Soft Matter 7 (2011) 7676–7682, doi: 10.1039/c1sm00005e . 

[71] R. Aveyard, B.P. Binks, J.H. Clint, P.D.I. Fletcher, T.S. Horozov, B. Neumann,
V.N. Paunov, J. Annesley, S.W. Botchway, D. Nees, A.W. Parker, A.D. Ward,
A.N. Burgess, Measurement of long-range repulsive forces between charged parti-
cles at an oil-water interface, Phys. Rev. Lett. 88 (2002) 246102, doi: 10.1103/phys-
revlett.88.246102 . 

[72] L. Botto, E.P. Lewandowski, M. Cavallaro, K.J. Stebe, Capillary inter-
actions between anisotropic particles, Soft Matter 8 (2012) 9957–9971,
doi: 10.1039/c2sm25929j . 

[73] B.J. Park, J.P. Pantina, E.M. Furst, M. Oettel, S. Reynaert, J. Vermant, Direct
18 
measurements of the effects of salt and surfactant on interaction forces be-
tween colloidal particles at water − oil interfaces, Langmuir 24 (2008) 1686–1694,
doi: 10.1021/la7008804 . 

[74] A. Moncho-Jordá, F. Mart ı ́nez-López, R. Hidalgo-Álvarez, The effect of the
salt concentration and counterion valence on the aggregation of latex parti-
cles at the air/water interface, J. Colloid Interface Sci. 249 (2002) 405–411,
doi: 10.1006/jcis.2002.8224 . 

[75] R.K. Iler , The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface
Properties and Biochemistry of Silica, John Wiley and Sons, New York, 1979 . 

[76] F. Ravera, E. Santini, G. Loglio, M. Ferrari, L. Liggieri, Effect of nanoparticles on the
interfacial properties of liquid/liquid and liquid/air surface layers, J. Phys. Chem.
B. 110 (2006) 19543–19551, doi: 10.1021/jp0636468 . 

[77] E. Santini, J. Krägel, F. Ravera, L. Liggieri, R. Miller, Study of the monolayer struc-
ture and wettability properties of silica nanoparticles and CTAB using the Langmuir
trough technique, Colloids Surf. A Physicochem. Eng. Asp. 382 (2011) 186–191,
doi: 10.1016/j.colsurfa.2010.11.042 . 

[78] X. Dong, J. Xu, C. Cao, D. Sun, X. Jiang, Aqueous foam stabilized by hydrophobi-
cally modified silica particles and liquid paraffin droplets, Colloids Surf. A Physic-
ochem. Eng. Asp. 353 (2010) 181–188, doi: 10.1016/j.colsurfa.2009.11.010 . 

[79] D.W. Fuerstenau, R. Jia, The adsorption of alkylpyridinium chlorides and their
effect on the interfacial behavior of quartz, Colloids Surf. A Physicochem. Eng.
Asp. 250 (2004) 223–231, doi: 10.1016/j.colsurfa.2004.04.090 . 

[80] M.W. Rutland, J.L. Parker, Surface forces between silica surfaces in cationic surfac-
tant solutions: adsorption and bilayer formation at normal and high pH, Langmuir
10 (1994) 1110–1121, doi: 10.1021/la00016a024 . 

[81] S. Ahualli, G.R. Iglesias, W. Wachter, M. Dulle, D. Minami, O. Glatter, Adsorption
of anionic and cationic surfactants on anionic colloids: supercharging and destabi-
lization, Langmuir 27 (2011) 9182–9192, doi: 10.1021/la201242d . 

[82] N.R. Biswal, N. Rangera, J.K. Singh, Effect of different surfactants on the interfacial
behavior of the n -hexane–water system in the presence of silica nanoparticles, J.
Phys. Chem. B 120 (2016) 7265–7274, doi: 10.1021/acs.jpcb.6b03763 . 

[83] S.M. Kirby, S.L. Anna, L.M. Walker, Effect of surfactant tail length and ionic
strength on the interfacial properties of nanoparticle–surfactant complexes, Soft
Matter 14 (2018) 112–123, doi: 10.1039/c7sm01806a . 

[84] C. Qian, A. Telmadarreie, M. Dong, S. Bryant, Synergistic effect between surfactant
and nanoparticles on the stability of methane foam in EOR processes, SPE J. 25
(2020) 1–12, doi: 10.2118/195310-pa . 

[85] B.P. Binks, J.A. Rodrigues, Enhanced stabilization of emulsions due to
surfactant-induced nanoparticle flocculation, Langmuir 23 (2007) 7436–7439,
doi: 10.1021/la700597k . 

[86] B. Long, D. Wang, R. Niu, H. Song, Y. Ma, G. Qu, J. He, In-situ activation of nano-
silica and its foam stabilization mechanism, J. Dispers. Sci. Technol. 41 (2020) 1–9,
doi: 10.1080/01932691.2018.1554487 . 

[87] Z. AlYousef, M. Almobarky, D. Schechter, Enhancing the stability of
foam by the use of nanoparticles, Energy Fuels 31 (2017) 10620–10627,
doi: 10.1021/acs.energyfuels.7b01697 . 

[88] H. Katepalli, A. Bose, Response of surfactant stabilized oil-in-water emulsions to the
addition of particles in an aqueous suspension, Langmuir 30 (2014) 12736–12742,
doi: 10.1021/la502291q . 

[89] N.K. Maurya, A. Mandal, Investigation of synergistic effect of nanoparticle and
surfactant in macro emulsion based EOR application in oil reservoirs, Chem. Eng.
Res. Des. 132 (2018) 370–384, doi: 10.1016/j.cherd.2018.01.049 . 

[90] H. Ma, M. Luo, L.L. Dai, Influences of surfactant and nanoparticle assembly on
effective interfacial tensions, Phys. Chem. Chem. Phys. 10 (2008) 2207–2213,
doi: 10.1039/b718427c . 

[91] H. Vatanparast, F. Shahabi, A. Bahramian, A. Javadi, R. Miller, The role
of electrostatic repulsion on increasing surface activity of anionic surfactants
in the presence of hydrophilic silica nanoparticles, Sci. Rep. 8 (2018) 7251,
doi: 10.1038/s41598-018-25493-7 . 

[92] M. Eftekhari, K. Schwarzenberger, A. Javadi, K. Eckert, The influence of negatively
charged silica nanoparticles on the surface properties of anionic surfactants: elec-
trostatic repulsion or the effect of ionic strength? Phys. Chem. Chem. Phys. 22
(2020) 2238–2248, doi: 10.1039/c9cp05475h . 

[93] H. Jia, W. Huang, Y. Han, Q. Wang, S. Wang, J. Dai, Z. Tian, D. Wang, H. Yan,
K. Lv, Systematic investigation on the interaction between SiO 2 nanoparticles with
different surface affinity and various surfactants, J. Mol. Liq. 304 (2020) 112777,
doi: 10.1016/j.molliq.2020.112777 . 

[94] M. Zargartalebi, N. Barati, R. Kharrat, Influences of hydrophilic and hydrophobic
silica nanoparticles on anionic surfactant properties: interfacial and adsorption be-
haviors, J. Petrol. Sci. Eng. 119 (2014) 36–43, doi: 10.1016/j.petrol.2014.04.010 . 

[95] Q. Sun, Z. Li, J. Wang, S. Li, B. Li, L. Jiang, H. Wang, Q. Lü, C. Zhang, W. Liu,
Aqueous foam stabilized by partially hydrophobic nanoparticles in the pres-
ence of surfactant, Colloids Surf. A Physicochem. Eng. Asp. 471 (2015) 54–64,
doi: 10.1016/j.colsurfa.2015.02.007 . 

[96] J. Saien, M. Bahrami, Understanding the effect of different size silica nanoparticles
and SDS surfactant mixtures on interfacial tension of n -hexane–water, J. Mol. Liq.
224 (2016) 158–164, doi: 10.1016/j.molliq.2016.09.112 . 

[97] Q. Sun, Z. Li, J. Wang, S. Li, L. Jiang, C. Zhang, Properties of multi-phase
foam and its flow behavior in porous media, RSC Adv. 5 (2015) 67676–67689,
doi: 10.1039/c5ra09686c . 

[98] S. Tian, W. Gao, Y. Liu, W. Kang, H. Yang, Effects of surface modification
Nano-SiO 2 and its combination with surfactant on interfacial tension and emul-
sion stability, Colloids Surf. A Physicochem. Eng. Asp. 595 (2020) 124682,
doi: 10.1016/j.colsurfa.2020.124682 . 

[99] S. Li, K. Yang, Z. Li, K. Zhang, N. Jia, Properties of CO foam stabilized by hy-

http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0044
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0044
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0044
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0044
https://doi.org/10.1103/physrevlett.85.1930
https://doi.org/10.1103/physrevlett.109.196101
https://doi.org/10.1021/acs.macromol.7b02353
https://doi.org/10.1039/c0cp02192j
https://doi.org/10.1039/A901006H
https://doi.org/10.1063/1.5143201
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0051
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0051
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0052
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0052
https://doi.org/10.1021/la047793d
https://doi.org/10.1016/j.crhy.2014.09.009
https://doi.org/10.1016/0166-6622(91)80311-b
https://doi.org/10.1021/ma049923v
https://doi.org/10.1039/b901180c
https://doi.org/10.1016/j.molliq.2019.111500
https://doi.org/10.1021/la804214m
https://doi.org/10.1021/la060388x
https://doi.org/10.1039/c4sm00047a
https://doi.org/10.1140/epje/i2003-10018-6
https://doi.org/10.1093/acprof:oso/9780199662890.001.0001
https://doi.org/10.1016/j.colsurfa.2005.12.021.49
https://doi.org/10.1016/s0300-9440(97)00089-1
https://doi.org/10.1002/anie.200503131
https://doi.org/10.1016/j.cocis.2007.11.009
https://doi.org/10.1039/b709807n
https://doi.org/10.1103/physreve.62.5263
https://doi.org/10.1039/c1sm00005e
https://doi.org/10.1103/physrevlett.88.246102
https://doi.org/10.1039/c2sm25929j
https://doi.org/10.1021/la7008804
https://doi.org/10.1006/jcis.2002.8224
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0075
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0075
https://doi.org/10.1021/jp0636468
https://doi.org/10.1016/j.colsurfa.2010.11.042
https://doi.org/10.1016/j.colsurfa.2009.11.010
https://doi.org/10.1016/j.colsurfa.2004.04.090
https://doi.org/10.1021/la00016a024
https://doi.org/10.1021/la201242d
https://doi.org/10.1021/acs.jpcb.6b03763
https://doi.org/10.1039/c7sm01806a
https://doi.org/10.2118/195310-pa
https://doi.org/10.1021/la700597k
https://doi.org/10.1080/01932691.2018.1554487
https://doi.org/10.1021/acs.energyfuels.7b01697
https://doi.org/10.1021/la502291q
https://doi.org/10.1016/j.cherd.2018.01.049
https://doi.org/10.1039/b718427c
https://doi.org/10.1038/s41598-018-25493-7
https://doi.org/10.1039/c9cp05475h
https://doi.org/10.1016/j.molliq.2020.112777
https://doi.org/10.1016/j.petrol.2014.04.010
https://doi.org/10.1016/j.colsurfa.2015.02.007
https://doi.org/10.1016/j.molliq.2016.09.112
https://doi.org/10.1039/c5ra09686c
https://doi.org/10.1016/j.colsurfa.2020.124682


Z. Briceño-Ahumada, J.F.A. Soltero-Martínez and R. Castillo Chemical Engineering Journal Advances 7 (2021) 100116 

[  

 

[  

 

 

[  

 

[  

[  

[  

 

[  

 

 

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

[  

[  

[  

 

 

[  

 

[  

 

 

drophilic nanoparticles and nonionic surfactants, Energy Fuels 33 (2019) 5043–
5054, doi: 10.1021/acs.energyfuels.9b00773 . 

100] K.P. Sharma, V.K. Aswal, G. Kumaraswamy, Adsorption of nonionic surfactant
on silica nanoparticles: structure and resultant interparticle interactions, J. Phys.
Chem. 114 (2010) 10986–10994, doi: 10.1021/jp1033799 . 

101] D.C. McDermott, J.R. Lu, E.M. Lee, R.K. Thomas, A.R. Rennie, Study of the adsorp-
tion from aqueous solution of hexaethylene glycol monododecyl ether on silica sub-
strates using the technique of neutron reflection, Langmuir 8 (1992) 1204–1210,
doi: 10.1021/la00040a031 . 

102] G. Despert, J. Oberdisse, Formation of micelle-decorated colloidal silica
by adsorption of nonionic surfactant, Langmuir 19 (2003) 7604–7610,
doi: 10.1021/la0300939 . 

103] D. Lugo, J. Oberdisse, M. Karg, R. Schweins, G.H. Findenegg, Surface aggregate
structure of nonionic surfactants on silica nanoparticles, Soft Matter 5 (2009) 2928–
2936, doi: 10.1039/b903024g . 

104] B.P. Binks, A. Desforges, D.G. Duff, Synergistic stabilization of emulsions by a
mixture of surface-active nanoparticles and surfactant, Langmuir 23 (2007) 1098–
1106, doi: 10.1021/la062510y . 

105] Z.A. AlYousef, M.A. Almobarky, D.S. Schechter, The effect of nanoparticle aggre-
gation on surfactant foam stability, J. Colloid Interface Sci. 511 (2018) 365–373,
doi: 10.1016/j.jcis.2017.09.051 . 

106] S. Zou, Y. Yang, H. Liu, C. Wang, Synergistic stabilization and tun-
able structures of Pickering high internal phase emulsions by nanoparticles
and surfactants, Colloids Surf. A Physicochem. Eng. Asp. 436 (2013) 1–9,
doi: 10.1016/j.colsurfa.2013.06.013 . 

107] D.C. Bond, O.C. Holbrook, Gas drive oil recovery process, U.S. Patent No 2,866,507,
1958. 

108] W. Yan, C.A. Miller, G.J. Hirasaki, Foam sweep in fractures for enhanced
oil recovery, Colloids Surf. A Physicochem. Eng. Asp. 282 (2006) 348–359,
doi: 10.1016/j.colsurfa.2006.02.067 . 

109] M. Zerhboub, K. Ben-Naceur, E. Touboul, R. Thomas, Matrix acidizing: a
novel approach to foam diversion, SPE Prod. Facil. 9 (1994) 121–126,
doi: 10.2118/22854-PA . 

110] Q.P. Nguyen, P.K. Currie, P.L.J. Zitha, in: Effect of Capillary Cross-Flow on Foam-
Induced Diversion in Layered Formations, Society of Petroleum Engineers, 2003,
pp. 1–20, doi: 10.2118/82270-MS . 

111] F.M. Llave, F.T.-H. Chung, R.W. Louvier, D.A. Hudgins, in: Foams as Mobility Con-
trol Agents for Oil Recovery by Gas Displacement, Society of Petroleum Engineers,
1990, pp. 689–702, doi: 10.2118/20245-MS . 

112] H. Farhadi, S. Riahi, S. Ayatollahi, H. Ahmadi, Experimental study of nanoparticle-
surfactant-stabilized CO 2 foam: stability and mobility control, Chem. Eng. Res. Des.
111 (2016) 449–460, doi: 10.1016/j.cherd.2016.05.024 . 

113] S. Li, C. Qiao, Z. Li, S. Wanambwa, Properties of carbon dioxide foam stabilized
by hydrophilic nanoparticles and hexadecyltrimethylammonium bromide, Energy
Fuels 31 (2017) 1478–1488, doi: 10.1021/acs.energyfuels.6b03130 . 

114] Y. Wu, S. Fang, K. Zhang, M. Zhao, B. Jiao, C. Dai, Stability mechanism of nitrogen
foam in porous media with silica nanoparticles modified by cationic surfactants,
Langmuir 34 (2018) 8015–8023, doi: 10.1021/acs.langmuir.8b01187 . 

115] N. Pal, A. Verma, K. Ojha, A. Mandal, Nanoparticle-modified gemini surfactant
foams as efficient displacing fluids for enhanced oil recovery, J. Mol. Liq. 310
(2020) 113193, doi: 10.1016/j.molliq.2020.113193 . 

116] X. Sun, Y. Chen, J. Zhao, Highly stable aqueous foams generated by fumed silica
particles hydrophobised in situ with a quaternary ammonium Gemini surfactant,
RSC Adv. 6 (2016) 38913–38918, doi: 10.1039/c6ra02063a . 

117] M. Veyskarami, M.H. Ghazanfari, Synergistic effect of like and opposite charged
nanoparticle and surfactant on foam stability and mobility in the absence and pres-
ence of hydrocarbon: a comparative study, J. Petrol. Sci. Eng. 166 (2018) 433–444,
doi: 10.1016/j.petrol.2018.03.076 . 

118] N. Yekeen, E. Padmanabhan, A.K. Idris, Synergistic effects of nanoparti-
cles and surfactants on n-decane-water interfacial tension and bulk foam
stability at high temperature, J. Petrol. Sci. Eng. 179 (2019) 814–830,
doi: 10.1016/j.petrol.2019.04.109 . 

119] A.J. Worthen, S.L. Bryant, C. Huh, K.P. Johnston, Carbon dioxide-in-water foams
stabilized with nanoparticles and surfactant acting in synergy, AIChE J. 59 (2013)
3490–3501, doi: 10.1002/aic.14124 . 

120] A.J. Worthen, P.S. Parikh, Y. Chen, S.L. Bryant, C. Huh, K.P. Johnston, Carbon
dioxide-in-water foams stabilized with a mixture of nanoparticles and surfactant
for CO 2 storage and utilization applications, Energy Proc. 63 (2014) 7929–7938,
doi: 10.1016/j.egypro.2014.11.827 . 

121] W. Li, F. Wei, C. Xiong, J. Ouyang, L. Shao, M. Dai, P. Liu, D. Du, A novel su-
percritical CO 2 foam system stabilized with a mixture of zwitterionic surfactant
and silica nanoparticles for enhanced oil recovery, Front. Chem. 7 (2019) 718,
doi: 10.3389/fchem.2019.00718 . 

122] P. Wang, Q. You, L. Han, W. Deng, Y. Liu, J. Fang, M. Gao, C. Dai, Experimental
study on the stabilization mechanisms of CO 2 foams by hydrophilic silica nanopar-
ticles, Energy Fuels 32 (2018) 3709–3715, doi: 10.1021/acs.energyfuels.7b04125 . 

123] U.T. Gonzenbach, A.R. Studart, E. Tervoort, L.J. Gauckler, Stabilization of
foams with inorganic colloidal particles, Langmuir 22 (2006) 10983–10988,
doi: 10.1021/la061825a . 

124] Q. Sun, N. Zhang, Z. Li, Y. Wang, Nanoparticle-stabilized foam for effective dis-
placement in porous media and enhanced oil recovery, Energy Technol 4 (2016)
1053–1063, doi: 10.1002/ente.201600063 . 

125] R. Singh, K.K. Mohanty, Foams stabilized by in-situ surface-activated nanoparticles
in bulk and porous media, SPE J. 21 (2016) 121–130, doi: 10.2118/170942-pa . 

126] S. Li, Z. Li, P. Wang, Experimental study of the stabilization of CO foam by sodium
2 

19 
dodecyl sulfate and hydrophobic nanoparticles, Ind. Eng. Chem. Res. 55 (2016)
1243–1253, doi: 10.1021/acs.iecr.5b04443 . 

127] A.R. Risal, M.A. Manan, N. Yekeen, A.M. Samin, N.B. Azli, Rheological properties
of surface-modified nanoparticles-stabilized CO 2 foam, J. Disper. Sci. Technol. 39
(2018) 1–13, doi: 10.1080/01932691.2018.1462201 . 

128] N. Yekeen, M.A. Manan, A.K. Idris, A.M. Samin, A.R. Risal, Experimental investiga-
tion of minimization in surfactant adsorption and improvement in surfactant-foam
stability in presence of silicon dioxide and aluminum oxide nanoparticles, J. Petrol.
Sci. Eng. 159 (2017) 115–134, doi: 10.1016/j.petrol.2017.09.021 . 

129] N. Yekeen, A.K. Idris, M.A. Manan, A.M. Samin, A.R. Risal, T.X. Kun, Bulk and
bubble-scale experimental studies of influence of nanoparticles on foam stability,
Chin. J. Chem. Eng. 25 (2017) 347–357, doi: 10.1016/j.cjche.2016.08.012 . 

130] N. Yekeen, A.K. Idris, M.A. Manan, A.M. Samin, Experimental study of the influence
of silica nanoparticles on the bulk stability of SDS-foam in the presence of oil, J.
Dispers. Sci. Technol. 38 (2017) 416–424, doi: 10.1080/01932691.2016.1172969 .

131] F. AttarHamed, M. Zoveidavianpoor, M. Jalilavi, The incorporation of silica
nanoparticle and alpha olefin sulphonate in aqueous CO 2 foam: investigation of
foaming behavior and synergistic effect, Petrol. Sci. Technol. 32 (2014) 2549–2558,
doi: 10.1080/10916466.2013.845575 . 

132] D. Du, X. Zhang, Y. Li, D. Zhao, F. Wang, Z. Sun, Experimental study on rheological
properties of nanoparticle-stabilized carbon dioxide foam, J. Nat. Gas Sci. Eng. 75
(2020) 103140, doi: 10.1016/j.jngse.2019.103140 . 

133] Q. Lv, Z. Li, B. Li, S. Li, Q. Sun, Study of Nanoparticle–Surfactant-Stabilized
Foam as a Fracturing Fluid, Ind. Eng. Chem. Res. 54 (2015) 9468–9477,
doi: 10.1021/acs.iecr.5b02197 . 

134] W.A.M. Wanniarachchi, P.G. Ranjith, M.S.A. Perera, A. Lashin, N.A. Arifi,
J.C. Li, Current opinions on foam-based hydro-fracturing in deep geological
reservoirs, Geomech. Geophys. Geo-Energy Geo-Resources 1 (2015) 121–134,
doi: 10.1007/s40948-015-0015-x . 

135] Y. Fei, R.L. Johnson, M. Gonzalez, M. Haghighi, K. Pokalai, Experimen-
tal and numerical investigation into nano-stabilized foams in low perme-
ability reservoir hydraulic fracturing applications, Fuel 213 (2018) 133–143,
doi: 10.1016/j.fuel.2017.10.095 . 

136] Q. Li, V. Prigiobbe, Studying the generation of foam in the presence of
nanoparticles using a microfluidic system, Chem. Eng. Sci. 215 (2020) 115427,
doi: 10.1016/j.ces.2019.115427 . 

137] R. Xiaojuan , L. Shuren , L. Zhihang , S. Zhenyun , L. Yong , Behavior and application
of FRC-1 clean fracturing fluid, Adv. Fine Petrochem. 1 (2004) 5–6 . 

138] P. Rattanaudom, B.-.J. Shiau, U. Suriyapraphadilok, A. Charoensaeng, Stabi-
lization of foam using hydrophobic SiO 2 nanoparticles and mixed anionic sur-
factant systems in the presence of oil, J. Disper. Sci. Technol. (2020) 1–14,
doi: 10.1080/01932691.2020.1728299 . 

139] L. Xu, M.D. Rad, A. Telmadarreie, C. Qian, C. Liu, S.L. Bryant, M. Dong, Synergy
of surface-treated nanoparticle and anionic-nonionic surfactant on stabilization of
natural gas foams, Colloids Surf. A Physicochem. Eng. Asp. 550 (2018) 176–185,
doi: 10.1016/j.colsurfa.2018.04.046 . 

140] Y. Hurtado, C.A. Franco, M. Riazi, F.B. Cortés, Improving the stability of nitrogen
foams using silica nanoparticles coated with polyethylene glycol, J. Mol. Liq. 300
(2020) 112256, doi: 10.1016/j.molliq.2019.112256 . 

141] R. Singh, K.K. Mohanty, Synergy between nanoparticles and surfactants
in stabilizing foams for oil recovery, Energy Fuels 29 (2015) 467–479,
doi: 10.1021/ef5015007 . 

142] L.L. Schramm, Surfactants Fundamentals and Applications in the
Petroleum Industry, Cambridge University Press, Cambridge, 2000,
doi: 10.1017/cbo9780511524844 . 

143] M. Scheffler, P. Colombo (Eds.), Cellular Ceramics: Structure, Manufacturing, Prop-
erties and Applications, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2005,
doi: 10.1002/3527606696 . 

144] Y. Zhu, X. Pei, J. Jiang, Z. Cui, B.P. Binks, Responsive aqueous foams stabilized by
silica nanoparticles hydrophobized in situ with a conventional surfactant, Langmuir
31 (2015) 12937–12943, doi: 10.1021/acs.langmuir.5b03681 . 

145] Q. Lin, K.-.H. Liu, Z.-.G. Cui, X.-.M. Pei, J.-.Z. Jiang, B.-.L. Song, pH-Responsive
Pickering foams stabilized by silica nanoparticles in combination with trace amount
of dodecyl dimethyl carboxyl betaine, Colloids Surf. A Physicochem. Eng. Asp. 544
(2018) 44–52, doi: 10.1016/j.colsurfa.2018.02.027 . 

146] P. Rattanaudom, B.-.J. Shiau, U. Suriyapraphadilok, A. Charoensaeng, Effect
of pH on silica nanoparticle-stabilized foam for enhanced oil recovery using
carboxylate-based extended surfactants, J. Pet. Sci. Eng. 196 (2021) 107729,
doi: 10.1016/j.petrol.2020.107729 . 

147] B.P. Binks, A.J. Johnson, J.A. Rodrigues, Inversion of ‘dry water ’ to aqueous foam
on addition of surfactant, Soft Matter 6 (2010) 126–135, doi: 10.1039/b914706c . 

148] E. Bormashenko, Liquid marbles: properties and applications, Curr. Opin. Colloid
Interface Sci. 16 (2011) 266–271, doi: 10.1016/j.cocis.2010.12.002 . 

149] G. McHale, M.I. Newton, Liquid marbles: principles and applications, Soft Matter
7 (2011) 5473–5481, doi: 10.1039/c1sm05066d . 

150] Y. Sheng, M. Xue, S. Zhang, Y. Wang, X. Zhai, Y. zhao, L. Ma, X. Liu, Role
of nanoparticles in the performance of foam stabilized by a mixture of hy-
drocarbon and fluorocarbon surfactants, Chem. Eng. Sci. 228 (2020) 115977,
doi: 10.1016/j.ces.2020.115977 . 

151] U.T. Gonzenbach, A.R. Studart, E. Tervoort, L.J. Gauckler, Ultrastable
particle-stabilized foams, Angew. Chem. Int. Ed. 45 (2006) 3526–3530,
doi: 10.1002/anie.200503676 . 

152] L.R. Arriaga, W. Drenckhan, A. Salonen, J.A. Rodrigues, R. Íñiguez-Palomares,
E. Rio, D. Langevin, On the long-term stability of foams stabilised by mixtures of
nano-particles and oppositely charged short chain surfactants, Soft Matter 8 (2012)
11085–11097, doi: 10.1039/c2sm26461g . 

https://doi.org/10.1021/acs.energyfuels.9b00773
https://doi.org/10.1021/jp1033799
https://doi.org/10.1021/la00040a031
https://doi.org/10.1021/la0300939
https://doi.org/10.1039/b903024g
https://doi.org/10.1021/la062510y
https://doi.org/10.1016/j.jcis.2017.09.051
https://doi.org/10.1016/j.colsurfa.2013.06.013
https://doi.org/10.1016/j.colsurfa.2006.02.067
https://doi.org/10.2118/22854-PA
https://doi.org/10.2118/82270-MS
https://doi.org/10.2118/20245-MS
https://doi.org/10.1016/j.cherd.2016.05.024
https://doi.org/10.1021/acs.energyfuels.6b03130
https://doi.org/10.1021/acs.langmuir.8b01187
https://doi.org/10.1016/j.molliq.2020.113193
https://doi.org/10.1039/c6ra02063a
https://doi.org/10.1016/j.petrol.2018.03.076
https://doi.org/10.1016/j.petrol.2019.04.109
https://doi.org/10.1002/aic.14124
https://doi.org/10.1016/j.egypro.2014.11.827
https://doi.org/10.3389/fchem.2019.00718
https://doi.org/10.1021/acs.energyfuels.7b04125
https://doi.org/10.1021/la061825a
https://doi.org/10.1002/ente.201600063
https://doi.org/10.2118/170942-pa
https://doi.org/10.1021/acs.iecr.5b04443
https://doi.org/10.1080/01932691.2018.1462201
https://doi.org/10.1016/j.petrol.2017.09.021
https://doi.org/10.1016/j.cjche.2016.08.012
https://doi.org/10.1080/01932691.2016.1172969
https://doi.org/10.1080/10916466.2013.845575
https://doi.org/10.1016/j.jngse.2019.103140
https://doi.org/10.1021/acs.iecr.5b02197
https://doi.org/10.1007/s40948-015-0015-x
https://doi.org/10.1016/j.fuel.2017.10.095
https://doi.org/10.1016/j.ces.2019.115427
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0137
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0137
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0137
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0137
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0137
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0137
https://doi.org/10.1080/01932691.2020.1728299
https://doi.org/10.1016/j.colsurfa.2018.04.046
https://doi.org/10.1016/j.molliq.2019.112256
https://doi.org/10.1021/ef5015007
https://doi.org/10.1017/cbo9780511524844
https://doi.org/10.1002/3527606696
https://doi.org/10.1021/acs.langmuir.5b03681
https://doi.org/10.1016/j.colsurfa.2018.02.027
https://doi.org/10.1016/j.petrol.2020.107729
https://doi.org/10.1039/b914706c
https://doi.org/10.1016/j.cocis.2010.12.002
https://doi.org/10.1039/c1sm05066d
https://doi.org/10.1016/j.ces.2020.115977
https://doi.org/10.1002/anie.200503676
https://doi.org/10.1039/c2sm26461g


Z. Briceño-Ahumada, J.F.A. Soltero-Martínez and R. Castillo Chemical Engineering Journal Advances 7 (2021) 100116 

[  

 

[  

[  

 

[  

 

[  

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

[  

 

[  

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

[  

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

[  

 

[  

[  

[  

 

 

[  

 

[  

[  

 

153] A. Carl, A. Bannuscher, R. von Klitzing, Particle stabilized aqueous foams at differ-
ent length scales: synergy between silica particles and alkylamines, Langmuir 31
(2015) 1615–1622, doi: 10.1021/la503321m . 

154] H.Y. Jennings Jr., C.E. Johnson Jr., C.D. McAuliffe, A caustic waterflooding process
for heavy oils, J. Pet. Technol. 26 (1974) 1344–1352, doi: 10.2118/4741-PA . 

155] A. Perazzo, G. Tomaiuolo, V. Preziosi, S. Guido, Emulsions in porous media: from
single droplet behavior to applications for oil recovery, Adv. Colloid Interface Sci.
256 (2018) 305–325, doi: 10.1016/j.cis.2018.03.002 . 

156] J. Bryan, A. Kantzas, Potential for alkali-surfactant flooding in heavy oil reser-
voirs through oil-in-water emulsification, J. Can. Pet. Technol. 48 (2009) 37–46,
doi: 10.2118/2007-134 . 

157] L.L. Schramm , Emulsions: Fundamentals and Applications in the Petroleum Indus-
try, American Chemical Society, Washington D.C, 1992 . 

158] H. Pei, G. Zhang, J. Ge, J. Zhang, Q. Zhang, Investigation of synergy between
nanoparticle and surfactant in stabilizing oil-in-water emulsions for improved
heavy oil recovery, Colloids Surf. A Physicochem. Eng. Asp. 484 (2015) 478–484,
doi: 10.1016/j.colsurfa.2015.08.025 . 

159] N. Yekeen, E. Padmanabhan, A.H. Syed, T. Sevoo, K. Kanesen, Synergistic influ-
ence of nanoparticles and surfactants on interfacial tension reduction, wettability
alteration and stabilization of oil-in-water emulsion, J. Petrol. Sci. Eng. 186 (2020)
106779, doi: 10.1016/j.petrol.2019.106779 . 

160] Q. Lin, M. Xu, Z. Cui, X. Pei, J. Jiang, B. Song, Structure and stabilization mecha-
nism of diesel oil-in-water emulsions stabilized solely by either positively or nega-
tively charged nanoparticles, Colloids Surf. A Physicochem. Eng. Asp. 573 (2019)
30–39, doi: 10.1016/j.colsurfa.2019.04.046 . 

161] R. Abdul-Razzaq, M.Z. Jaafar, S. Bandyopadhyay, Investigating synergistic effects
of surfactants and nanoparticles (NPs) on emulsion viscosity, Asian J. Fund. Appl.
Sci. 1 (2020) 9–16, doi: 10.1088/1742-6596/1529/5/052059 . 

162] S. Wang, H. Luan, X. Liang, L. Wang, Y. Guo, Recognition and characterization of
active fractions from petroleum sulfonate, J. Petrol. Sci. Eng. 187 (2020) 106797,
doi: 10.1016/j.petrol.2019.106797 . 

163] Y. Duan, Y. Zhu, J. Fan, W. Li, X. Liu, H. Li, Systematic evaluation of petroleum
sulfonate: polarity separation and the relationship between its structure and oil
recovery properties, RSC Adv. 8 (2018) 33872–33881, doi: 10.1039/c8ra06739b . 

164] K. Ishizaki, S. Komarneni, M. Nanko, Porous Materials: Process Technol-
ogy and Applications, Springer Science & Business Media, Dordrecht, 1998,
doi: 10.1007/978-1-4615-5811-8 . 

165] M.A. Khan, M.F. Haase, Stabilizing liquid drops in nonequilibrium shapes
by the interfacial crosslinking of nanoparticles, Soft Matter (2021),
doi: 10.1039/d0sm02120b . 

166] B.P. Binks, J.A. Rodrigues, Double inversion of emulsions by using nanoparti-
cles and a Di-chain surfactant, Angew. Chem. Int. Ed. 46 (2007) 5389–5392,
doi: 10.1002/anie.200700880 . 

167] B.P. Binks, J.A. Rodrigues, Influence of surfactant structure on the double inversion
of emulsions in the presence of nanoparticles, Colloids Surf. A Physicochem. Eng.
Asp. 345 (2009) 195–201, doi: 10.1016/j.colsurfa.2009.05.001 . 

168] L. Liu, X. Pu, Y. Zhou, X. Wu, D. Luo, Z. Ren, Phase inversion of pickering emulsions
by electrolyte for potential reversible water-in-oil drilling fluids, Energy Fuels 34
(2020) 1317–1328, doi: 10.1021/acs.energyfuels.9b03117 . 

169] Z.-.G. Cui, L.-.L. Yang, Y.-.Z. Cui, B.P. Binks, Effects of surfactant structure on the
phase inversion of emulsions stabilized by mixtures of silica nanoparticles and
cationic surfactant, Langmuir 26 (2009) 4717–4724, doi: 10.1021/la903589e . 

170] X.-.Q. Wei, W.-.J. Zhang, L. Lai, P. Mei, L.-.M. Wu, Y.-.Q. Wang, Different cationic
surfactants-modified silica nanoparticles for Pickering emulsions, J. Mol. Liq. 291
(2019) 111341, doi: 10.1016/j.molliq.2019.111341 . 

171] Y. Zhu, J. Jiang, K. Liu, Z. Cui, B.P. Binks, Switchable pickering emulsions stabi-
lized by silica nanoparticles hydrophobized in situ with a conventional cationic
surfactant, Langmuir 31 (2015) 3301–3307, doi: 10.1021/acs.langmuir.5b00295 . 

172] J. Jiang, Y. Zhu, Z. Cui, B.P. Binks, Switchable pickering emulsions stabilized by
silica nanoparticles hydrophobized in situ with a switchable surfactant, Angew.
Chem. Int. Ed. 52 (2013) 12373–12376, doi: 10.1002/anie.201305947 . 

173] L. Liu, X. Pu, Y. Zhou, J. Zhou, D. Luo, Z. Ren, Smart Pickering water-in-oil emulsion
by manipulating interactions between nanoparticles and surfactant as potential oil-
based drilling fluid, Colloids Surf. A Physicochem. Eng. Asp. 586 (2020) 124246,
doi: 10.1016/j.colsurfa.2019.124246 . 

174] K. Liu, J. Jiang, Z. Cui, B.P. Binks, pH-responsive pickering emulsions stabilized
by silica nanoparticles in combination with a conventional zwitterionic surfactant,
Langmuir 33 (2017) 2296–2305, doi: 10.1021/acs.langmuir.6b04459 . 

175] Y. Zhu, T. Fu, K. Liu, Q. Lin, X. Pei, J. Jiang, Z. Cui, B.P. Binks, Thermorespon-
sive Pickering emulsions stabilized by silica nanoparticles in combination with
alkyl polyoxyethylene ether nonionic surfactant, Langmuir 33 (2017) 5724–5733,
doi: 10.1021/acs.langmuir.7b00273 . 

176] H. Katepalli, A. Bose, T.A. Hatton, D. Blankschtein, Destabilization of oil-in-water
emulsions stabilized by non-ionic surfactants: effect of particle hydrophilicity,
Langmuir 32 (2016) 10694–10698, doi: 10.1021/acs.langmuir.6b03289 . 

177] A.K.Y. Raman, C.P. Aichele, Demulsification of surfactant-stabilized water-in-oil
(Cyclohexane) emulsions using silica nanoparticles, Energy Fuels 32 (2018) 8121–
8130, doi: 10.1021/acs.energyfuels.8b01368 . 

178] C. Vashisth, C.P. Whitby, D. Fornasiero, J. Ralston, Interfacial displacement of
nanoparticles by surfactant molecules in emulsions, J. Colloid Interface Sci. 349
(2010) 537–543, doi: 10.1016/j.jcis.2010.05.089 . 
20 
179] C.P. Whitby, D. Fornasiero, J. Ralston, Effect of adding anionic surfactant on the
stability of Pickering emulsions, J. Colloid Interface Sci. 329 (2009) 173–181,
doi: 10.1016/j.jcis.2008.09.056 . 

180] A.J. Worthen, L.M. Foster, J. Dong, J.A. Bollinger, A.H. Peterman, L.E. Pastora,
S.L. Bryant, T.M. Truskett, C.W. Bielawski, K.P. Johnston, Synergistic formation
and stabilization of oil-in-water emulsions by a weakly interacting mixture of
zwitterionic surfactant and silica nanoparticles, Langmuir 30 (2014) 984–994,
doi: 10.1021/la404132p . 

181] M. Xu, J. Jiang, X. Pei, B. Song, Z. Cui, B.P. Binks, Novel oil-in-water
emulsions stabilised by ionic surfactant and similarly charged nanoparticles
at very low concentrations, Angew. Chem. Int. Ed. 57 (2018) 7738–7742,
doi: 10.1002/anie.201802266 . 

182] M. Xu, L. Xu, Q. Lin, X. Pei, J. Jiang, H. Zhu, Z. Cui, B.P. Binks, Switch-
able oil-in-water emulsions stabilized by like-charged surfactants and
particles at very low concentrations, Langmuir 35 (2019) 4058–4067,
doi: 10.1021/acs.langmuir.8b04159 . 

183] I. Akartuna, A.R. Studart, E. Tervoort, U.T. Gonzenbach, L.J. Gauckler, Stabilization
of oil-in-water emulsions by colloidal particles modified with short amphiphiles,
Langmuir 24 (2008) 7161–7168, doi: 10.1021/la800478g . 

184] A.M. Bago-Rodriguez, B.P. Binks, Catalysis in Pickering emulsions, Soft Matter 16
(2020) 10221–10243, doi: 10.1039/d0sm01636e . 

185] R. Pichot, F. Spyropoulos, I.T. Norton, O/W emulsions stabilised by both
low molecular weight surfactants and colloidal particles: the effect of surfac-
tant type and concentration, J. Colloid Interface Sci. 352 (2010) 128–135,
doi: 10.1016/j.jcis.2010.08.021 . 

186] A. Drelich, F. Gomez, D. Clausse, I. Pezron, Evolution of water-in-oil emulsions sta-
bilized with solid particles Influence of added emulsifier, Colloids Surf. A Physic-
ochem. Eng. Asp. 365 (2010) 171–177, doi: 10.1016/j.colsurfa.2010.01.042 . 

187] A. Nesterenko, A. Drelich, H. Lu, D. Clausse, I. Pezron, Influence of a mixed par-
ticle/surfactant emulsifier system on water-in-oil emulsion stability, Colloids Surf.
A Physicochem. Eng. Asp. 457 (2014) 49–57, doi: 10.1016/j.colsurfa.2014.05.044 .

188] N.N. Tshilumbu, I. Masalova, Stabilization of highly concentrated emulsions with
oversaturated dispersed phase: effect of surfactant/particle ratio, Chem. Eng. Res.
Des. 102 (2015) 216–233, doi: 10.1016/j.cherd.2015.06.025 . 

189] A.K.Y. Raman, C.P. Aichele, Influence of non-ionic surfactant addition on the sta-
bility and rheology of particle-stabilized emulsions, Colloids Surf. A Physicochem.
Eng. Asp. 585 (2020) 124084, doi: 10.1016/j.colsurfa.2019.124084 . 

190] N.G. Eskandar, S. Simovic, C.A. Prestidge, Synergistic effect of silica nanoparticles
and charged surfactants in the formation and stability of submicron oil-in-water
emulsions, Phys. Chem. Chem. Phys. 9 (2007) 6426–6434, doi: 10.1039/B710256A .

191] M. Bowen, N. Armstrong, Y. Maa, Investigating high-concentration monoclonal an-
tibody powder suspension in nonaqueous suspension vehicles for subcutaneous in-
jection, J. Pharm. Sci. 101 (2012) 4433–4443, doi: 10.1002/jps.23324 . 

192] G.L. Bars, S. Dion, B. Gauthier, S. Mhedhbi, G. Pohlmeyer-Esch, P. Comby, N. Vivan,
B. Ruty, Oral toxicity of Miglyol 812® in the Göttingen® minipig, Regul. Toxicol.
Pharm. 73 (2015) 930–937, doi: 10.1016/j.yrtph.2015.09.022 . 

193] J. Santos, N. Calero, L.A. Trujillo-Cayado, J. Muñoz, Q. Xia, Development and char-
acterisation of a continuous phase based on a fumed silica and a green surfactant
with emulsion applications, Colloids Surf. A Physicochem. Eng. Asp. 555 (2018)
351–357, doi: 10.1016/j.colsurfa.2018.07.017 . 

194] Q. Wang, C. Hu, A. Zoghbi, J. Huang, Q. Xia, Oil-in-oil-in-water pre-double emul-
sions stabilized by nonionic surfactants and silica particles: a new approach for
topical application of rutin, Colloids Surf. A Physicochem. Eng. Asp. 522 (2017)
399–407, doi: 10.1016/j.colsurfa.2017.02.067 . 

195] E. Tripodi, I.T. Norton, F. Spyropoulos, Formation of Pickering and mixed emulsi-
fier systems stabilised O/W emulsions via confined impinging jets processing, Food
Bioprod. Process. 119 (2020) 360–370, doi: 10.1016/j.fbp.2019.11.021 . 

196] P.S. Clegg, Bijels: bicontinuous particle-stabilized emulsions, royal society of chem-
istry, Croydon (2020), doi: 10.1039/9781839160974 . 

197] E.M. Herzig, K.A. White, A.B. Schofield, W.C.K. Poon, P.S. Clegg, Bicontinuous
emulsions stabilized solely by colloidal particles, Nat. Mater. 6 (2007) 966–971,
doi: 10.1038/nmat2055 . 

198] D. Cai, P.S. Clegg, Stabilizing bijels using a mixture of fumed silica nanoparticles,
Chem. Commun. 51 (2015) 16984–16987, doi: 10.1039/c5cc07346d . 

199] N. Hijnen, D. Cai, P.S. Clegg, Bijels stabilized using rod-like particles, Soft Matter
11 (2015) 4351–4355, doi: 10.1039/c5sm00265f . 

200] M.F. Haase, K.J. Stebe, D. Lee, Continuous fabrication of hierarchical and
asymmetric bijel microparticles, fibers, and membranes by solvent transfer-
induced phase separation (STRIPS), Adv. Mater. 27 (2015) 7065–7071,
doi: 10.1002/adma.201503509 . 

201] S. Boakye-Ansah, M.S. Schwenger, M.F. Haase, Designing bijels formed by solvent
transfer induced phase separation with functional nanoparticles, Soft Matter 15
(2019) 3379–3388, doi: 10.1039/c9sm00289h . 

202] D. Cai, P.S. Clegg, T. Li, K.A. Rumble, J.W. Tavacoli, Bijels formed by direct mixing,
Soft Matter 13 (2017) 4824–4829, doi: 10.1039/c7sm00897j . 

203] K.A. Macmillan, J.R. Royer, A. Morozov, Y.M. Joshi, M. Cloitre, P.S. Clegg, Rheo-
logical behavior and in situ confocal imaging of bijels made by mixing, Langmuir
35 (2019) 10927–10936, doi: 10.1021/acs.langmuir.9b00636 . 

https://doi.org/10.1021/la503321m
https://doi.org/10.2118/4741-PA
https://doi.org/10.1016/j.cis.2018.03.002
https://doi.org/10.2118/2007-134
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0157
http://refhub.elsevier.com/S2666-8211(21)00032-6/sbref0157
https://doi.org/10.1016/j.colsurfa.2015.08.025
https://doi.org/10.1016/j.petrol.2019.106779
https://doi.org/10.1016/j.colsurfa.2019.04.046
https://doi.org/10.1088/1742-6596/1529/5/052059
https://doi.org/10.1016/j.petrol.2019.106797
https://doi.org/10.1039/c8ra06739b
https://doi.org/10.1007/978-1-4615-5811-8
https://doi.org/10.1039/d0sm02120b
https://doi.org/10.1002/anie.200700880
https://doi.org/10.1016/j.colsurfa.2009.05.001
https://doi.org/10.1021/acs.energyfuels.9b03117
https://doi.org/10.1021/la903589e
https://doi.org/10.1016/j.molliq.2019.111341
https://doi.org/10.1021/acs.langmuir.5b00295
https://doi.org/10.1002/anie.201305947
https://doi.org/10.1016/j.colsurfa.2019.124246
https://doi.org/10.1021/acs.langmuir.6b04459
https://doi.org/10.1021/acs.langmuir.7b00273
https://doi.org/10.1021/acs.langmuir.6b03289
https://doi.org/10.1021/acs.energyfuels.8b01368
https://doi.org/10.1016/j.jcis.2010.05.089
https://doi.org/10.1016/j.jcis.2008.09.056
https://doi.org/10.1021/la404132p
https://doi.org/10.1002/anie.201802266
https://doi.org/10.1021/acs.langmuir.8b04159
https://doi.org/10.1021/la800478g
https://doi.org/10.1039/d0sm01636e
https://doi.org/10.1016/j.jcis.2010.08.021
https://doi.org/10.1016/j.colsurfa.2010.01.042
https://doi.org/10.1016/j.colsurfa.2014.05.044
https://doi.org/10.1016/j.cherd.2015.06.025
https://doi.org/10.1016/j.colsurfa.2019.124084
https://doi.org/10.1039/B710256A
https://doi.org/10.1002/jps.23324
https://doi.org/10.1016/j.yrtph.2015.09.022
https://doi.org/10.1016/j.colsurfa.2018.07.017
https://doi.org/10.1016/j.colsurfa.2017.02.067
https://doi.org/10.1016/j.fbp.2019.11.021
https://doi.org/10.1039/9781839160974
https://doi.org/10.1038/nmat2055
https://doi.org/10.1039/c5cc07346d
https://doi.org/10.1039/c5sm00265f
https://doi.org/10.1002/adma.201503509
https://doi.org/10.1039/c9sm00289h
https://doi.org/10.1039/c7sm00897j
https://doi.org/10.1021/acs.langmuir.9b00636

	Aqueous foams and emulsions stabilized by mixtures of silica nanoparticles and surfactants: A state-of-the-art review
	1 Introduction
	2 Foams and emulsions stabilized by particles: some remarks on their formation and stabilization
	2.1 Stabilization of flat fluid interfaces with particles
	2.2 Link between particle contact angle and the formation of foams and emulsions. Spherical liquid-liquid interfaces
	2.3 Consequences of particles at fluid interfaces on the stabilization of foams and emulsions

	3 Interactions between silica nanoparticles and surfactants: effect on the stability of foams and emulsions
	4 Literature review of SiO2 nanoparticles-surfactants foams in different research fields
	4.1 Enhanced oil recovery (EOR)
	4.1.1 Silica nanoparticles and cationic surfactants. Studies with zwitterionic and short compounds
	4.1.2 Silica nanoparticles and anionic surfactants
	4.1.3 Silica nanoparticles and nonionic surfactants

	4.2 Materials engineering
	4.2.1 Responsive foams and innovative formulations
	4.2.2 Elaboration of macroporous materials


	5 Literature review of SiO2 nanoparticles-surfactants emulsions in different research fields
	5.1 Enhanced oil recovery (EOR)
	5.2 Materials engineering
	5.2.1 Responsive emulsions
	5.2.2 Elaboration of macroporous materials

	5.3 Food and farmaceutical engineering
	5.4 The case of bicontinuous emulsions

	6 Summary of the systems discussed
	7 Conclusions
	Declaration of competing interest
	Acknowledgments
	References


