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Abstract Today, there is much demand for stabilised foam globally. The primary concern for surfactant foam in
enhanced oil recovery (EOR) is its foam stability. The applications of surfactant-nanoparticles mixture for foam
stabilisation have been increased significantly because of the combined role of nanoparticles (NPs) and surfactant in
the mechanism of foam stabilisation. This paper focuses on enhancing the aqueous foam stability by NPs and
respective mechanisms of the aqueous foam stability. Nanoparticles have unique physical and chemical properties,
so they alter the surface and rheological properties of the fluid system. It is the outcome of various research that
nanoparticles adhere to the gas-liquid interface of the foam to improve foam stability. Therefore, NPs can enhance
the stability of surfactant-stabilised foams. The use of nanoparticles increases foam stability, but its drawbacks
cannot be ignored. Probable, the synthesis and production technique of nanoparticles is steeply-priced, which have to
be made cheap using cutting-edge technology.
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1. Introduction

Foam consists of a gas phase dispersed in a continuous
phase of liquid [1]. Absolute pure liquids do not foam, and
to create foaming, the presence of surface-active materials
is compulsory [2]. Foams are thermodynamically unstable,
and they are stable by surface-active agents such as
surfactants, proteins, polymers, or particles [3,4]. Surface
properties and intermolecular forces play essential roles in
foam stability. Surface-active agents stabilise the foam by
decreasing the surface tension and modifying the
interaction forces and rheological properties [5]. The foam
we get using surfactants is called surfactant foam.
Surfactant foams have a significant contribution in various
fields such as detergent preparation, the enhanced oil
recovery process, personal care products, and other
different technological processes [6,7,8]. Enhancement of
foam properties is required in many fields, and many
methods can do it. The foam stability can be improved by
different types of surfactants and mixtures of surfactants
[9-15]; polymers [16]; salts [17,18,19]; and nanoparticles
[1,14,15,20,21,22,23]. The stability of foam is the main
challenge when it is used in the process of enhanced oil
recovery (abbreviated EOR). EOR, also called tertiary

recovery, is crude oil extraction from an oil field that
cannot be extracted otherwise [24].

Researchers have also wused different types of
nanoparticles to stabilise foam. For example, aqueous
foams are stabilised by partially hydrophobic fumed silica
nanoparticles [25,26,27]; alkyl polyglucoside phosphate
foams are stabilised by zero-valent iron and iron oxide
nanoparticles [20]; foam stabilised by silica nanoparticles
[1,21,25,28]; aqueous foam stabilised by hydrophobic
SiO, nanoparticles [29,30]; carbon dots stabilised foam [5];
It is determined that the generation of foam process starts
with surfactants, and the presence of the NPs in the
solution cause better stabilisation of the foams [31].

Surface-active materials are classified into many kinds
of surfactants based on their hydrophobic groups. The
solution prepared by using surfactant is called surfactant
solution [2]. There are two essential factors of surfactant
solutions-foamability and foam stability. Foamability
means the foam generating power at the initial stage of
foaming, and foam stability refers to the rate of foam
decay. Foamability is explained as the easiness of foam
generation, and on the other hand, foam stability refers to
the time a foam film exists without bursting [32]. Stable
foam is desirable in some applications of liquid foam, e.g.
hand dishwashing, shampoos, light-duty and heavy-duty
detergents, in hydrology and petroleum engineering
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[4,33,34,35]. The most helpful way to stabilise foams is
the introduction of surfactants. Increasing the surfactant
concentration causes decreasing surface tension (ST) until
it reaches a minimum value (ST,), which happens at the
Critical Micellar Concentration (CMC). A smaller value
of (STmin) is required because it shows better foaming
stability potential of the surfactant. For example, a
common surfactant, such as sodium dodecyl sulfate (SDS),
exhibits a perfect lather, but the stability does not exceed
several hours. This problem was solved by adding
different surfactants, which produce better stable foam.
Some recent research has shown that when combined with
surfactants (ionic and/or cationic), solid particles provide
high foamability and long-term foam stability [36].

Nanotechnology is a new technology for creating
applicable matters, systems and devices, and new phenomena
and properties at the nanoscale using nanosized materials
[37]. It significantly contributes to the electronics,
biomedical, pharmaceutical, materials and manufacturing,
aerospace, photography, and energy industries. In addition,
nanotechnology can revolutionise many areas of the oil
and gas industry, such as exploration, refining and
distribution. For example, nanosensors may show better
capabilities to provide accurate and detailed information
about reservoirs. Specially fabricated nanoparticles might
be utilised for scale inhibition. Structural nanomaterials
could be used to develop much lighter and more reliable
and long-lasting equipment for petroleum industries.

Other rising applications of nanotechnologies in the
petroleum industry are new types of “smart fluids' for
EOR and drilling. Nanofluids can be created by adding
nanosized particles in the low volumetric fractions to a
fluid. The NPs enhance the fluid properties, and their
suspensions can produce various benefits. NPs perform
better than their base material in many fields- like thermal,
optical, mechanical, electrical, rheological and magnetic
[35]. When the particle size is reduced to the nanoscale,
properties change as a function of the particle size. NPs
have unique physical and chemical properties due to
their dimensions. So, NPs can improve the properties of
the fluid system, including viscosity, magnetism and
interfacial tension (IFT) [13,38].

Many studies demonstrated that the presence of
nanoparticles increases foam stability for a longer time
[27,39,40,41]. Most of the commonly used nanoparticles,
such as calcium carbonate and silica, are known to be
water-wet in the field of enhanced oil recovery fields
[38,42,43]. TiO,, CuO, modified carbon, and hydrophilic
silica dioxide NPs were studied to improve oil recovery.
It is demonstrated that increasing nanoparticle concentrations
reduces oil drops' IFT and zeta potential but increases
dilatational viscoelasticity [37]. Many researchers have
tried to stabilise the aqueous foam using different types of
nanoparticles-e.g. silica, iron oxide, TiO,, CuO, SiO,,
Al,O3, ZrO,, nickel, ZnO, clay, calcium carbonate, and
carbon dots [24,37].

2. Principle behind the Foam Stabilised
by the Nanoparticles

The destabilisation of foams is understood by following
three mechanisms: drainage, coarsening and coalescence.

Drainage is the gravity-driven removal of the liquid
between bubbles, facilitating gas diffusion from smaller to
bigger bubbles (coarsening) and the rupture of thin films
separating neighbouring bubbles (coalescence). Surface
active particles can fight all three destabilisation
mechanisms simultaneously. Although the ability of
particles to stabilise foams has been known for nearly one
hundred years, the fundamental understanding of the
stabilisation mechanisms of individual bubbles or entire
foams is still incomplete [44]. The presence of NPs
enhances the foam stability by reducing the surface
tension and supporting the particulate network in the void
between bubbles [4,29,44,45]. Balancing the growth of
bubbles and drainage of the liquid are two crucial factors
responsible for the stability of the foam. In addition, NPs
adsorbed irreversibly with surfactants at the interface and
the plateau border of the foam (shown in Figure 1),
responsible for the higher stability of the foam [4,24,44].

Air bubble Air bubble

Figure 1. Structure of wet foams stabilised by CoOOH nanoparticles [4]

Several studies explain the effect of nanoparticles on
foam stabilisation and the liquid films between foam
bubbles. In brief, two essential mechanisms can be
considered for foam stabilisation by nanoparticles. First,
very high adhesion energy between nanoparticles and
gas/liquid interface prevents particles deformation of
bubbles, so nanoparticles stabilised foams show better
stability than surfactant-stabilised foams. The high
adsorption energy of the particle at the air-water interface
is the essential ingredient in the particle-stabilised foams.
Alien species are used as a stabiliser to absorb on the
air-liquid interface to stabilise the liquid foams (usually
aqueous foams) kinetically by reducing their surface
energy. Surface energy can be approximated as E,gs =
7R*pw(1-cos0)?, where R is the particle radius, pw the
surface tension of the air-water interface and 6 is the
contact angle of the particle at the air-water interface
measured through the water (shown in Figure 2). In
stabilising the foam, the particles' adsorption on the
bubbles' liquid-air interfaces is vital for the dynamic
particle-foaming process. Primarily contact angle (), the
surface properties of the absorbed particles, plays a vital
role in the foam stability [29,44].
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Though the force balance at particle-laden air-water
interfaces is not well understood, the optimal contact
angle is known to be less than 90°. Consider a particle
with a typical radius of 10 nm and a contact angle of 80°,
and it would have adsorption energy of approximately
10° kT (with kg being the Boltzmann constant and T is the
absolute temperature), the three orders of magnitude of the
energy are higher than that associated with surfactants.
The more significant amount of the energy causes an
irreversible attachment of the particles to the air-water
interface and at the plateau border of the foam, producing
solid-like surface layers which may restrain both
coarsening and coalescence. On the contrary, particles
with contact angles of 90° or higher have an anti-foaming
capacity [4,44]. According to the second mechanism, the
presence of NPs makes a monolayer in the liquid film
between bubbles that hinders the film drainage [29,31,45].
Several studies studied the thickness of lamella and
drainage behaviour of the foam, which is generated from
the solution having NPs and surfactant, by fluorescence
microscopy. It illuminates the trapping of NPs in Plateau
borders and lamellas, which hinder the liquid drainage and
bubble coalescence [46].

Gas

R = particle radius; 8 = contact angle

Figure 2. Schematic representation of a nanodotstabilized foam [45]

Suleymani et al. [38] reported that inside a thin film of
foam, the capillary pressure tries to rupture the thin film,
which causes the decay of foam. Against this film's
destruction, Interfacial interactions work as a barrier.
Derjaguin, Landau, Vervey, and Overbeek (DLVO)
developed a theory to determine interfacial interactions.
According to this theory, when two charged spheres are
separated by distance h, they experience both van der

SO0 wm

Waals (attractive force) and double layer (repulsive force)
interactions. It was found that, generally, foam stability
was noticeably enhanced in the presence of nanoparticles.
Furthermore, the adsorption of nanoparticles increases the
resistance of the interface against mass transfer, which
causes reduces the effective diffusion coefficient of the
system, which leads to foam stability improvement in both
bulk and porous media [47].

Dehdari et al. [24] used six different nanoparticles
(SiO,; AlLOs; ZrOy; TiO,; Fey0O3; NiO) in their study and
reported that increasing the concentration of nanoparticles
up to the optimal concentration (> 0.06 wt%) increased
their adsorption at the interface, which resist gas diffusion
into the lamella. The nanoparticles formed a second
surfactant-nanoparticle layer and configured themselves
uniformly inside the thin film of liquid. Due to the
nanoparticle mass growth and cork formation, the rate of
liguid outflow from lamella was reduced. So, by
increasing the concentration of nanoparticles, the foam
stability increased, and the cohesion rate between the
bubbles decreased. The highest level of foam stability was
obtained with Al,O3 nanoparticles, which were due to their
low ionisation potential, low electronegativity, and high
density. Besides, Al,O; nanoparticles help to prevent
liquid drainage from lamella.

Karthick and Chattopadhyay [21] reported that the
foam stability of aqueous alkylpolyglucoside phosphate
(APG-Ph) surfactant solutions increases with the addition
of Fe;0, or Fe® nanoparticles significantly. At 0.1 vol %
concentration of surfactant, for Fe® and Fe;0,, the foam
stability was enhanced by 54% and 42% due to Fe® and
Fe3O, respectively. It is found that the nature and
concentration of nanoparticles have significant effects on
foam stability which shows concurrence with the existing
literature.

Sakthivel et al. [45] obtained confocal microscopy
images (shown in Figure 3) of the foam structure
containing carbon nanoparticles (CND). They concluded
that the enhancement of foam stability is due to the
presence of carbon particles responsible for increasing the
thickness of the lamellae, decreasing the drainage rate of
lamellae and delaying the bubble rupture point. Slower the
film thinning process, NPs help increase the fluid's surface
tension when added to the foaming fluid. Microscopic
studies of different foam systems show the arrangement of
nanoparticles in the gas-liquid interface, which causes an
increase in the lamellae thickness.

“500pum” *

Figure 3. Microscopic images of the covered-slip foam film made using (a) 0.02% alpha olefin sulfonate (AOS) + 6.7% brine and (b) 0.01 % CND +
0.02 % AOS + 6.7 % brine at 298 K (10X magnification images in a Leica microscope) [45]
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3. Application of the Nanoparticles
Stabilized Foam

Foams are widely used in ore flotation, food
manufacturing, cosmetic formulations, and personal care
products [48]. Foam stability has greater importance in
many applications such as hydraulic fracturing, acidising,
environment, aquifer remediation, and water production
control. Foam is also being used extensively in the field of
EOR. EOR methods are used to recover trapped oil in
place. Using foams improves the oil sweep efficiency by
decreasing the gas mobility via reducing the gas's relative
permeability and increasing the effective viscosity [24].
However, the drawback is that the stability of the foam is
affected when the foam comes into contact with the oil.
Further, under harsh reservoir conditions, such as high
temperature and high salinity, the process faces limitations
caused by the destabilisation of foams. Several solutions
have been proposed to address this issue, one of which is
nanoparticles to stabilise the foam. Some studies
suggested that surfactant solutions with NPs as nanofluids
improve oil recovery in EOR operations. These
nano-fluids cause the release of oil drops which are
trapped in the thin throats and microchannel of the
reservoir rock. The reason for this phenomenon is that the
combination of surfactants and NPs changes some
parameters such as wettability, the viscosity of the
injected fluid, spontaneous emulsion formation, changing
IFT between the fluids and the rocks, rheological
properties and relative permeability, which favours greater
EOR efficiency [12,15,37,38,42,45,46,49-56].

4. Critical Insight

Suleymani et al. [38] evaluated the behaviours of
cationic surfactant (HTAB) foam in the presence of
CaCO; nanoparticles with different hydrophobicity. A
series of long-chain fatty acids were used to treat CaCO;
nanoparticles to generate a range of wettability. The effect
of increasing nanoparticle hydrophobicity was also
observed, and it was found that effective diffusion
coefficient, solubility, and IFT were reduced, indicating
higher foam stability. The experimental results attributed a
general guideline for understanding the role of influencing
parameters ((effective diffusion coefficient, Henry's
constant, IFT, and zeta potential of nanoparticles). The
reduction of effective diffusion coefficient, Henry's
constant, IFT with increasing the nanoparticles wettability
enhances foam stability. At the same time, the reduction
of the zeta potential of nanoparticles tends to decrease the
total disjoining pressure between air bubbles, which
may be the reason for lower foam stability. The foam
stability experiments were performed with 0.1 wt%
unmodified/modified CaCO; dispersed in 0.07 wit%
HTAB (0.1 wt% NaCl) solution, and a half-life time was
found. It is reported that the Foam half-life of the HTAB
solution is enhanced by almost 50 % in the presence of
nanoparticles compared to the HTAB solution in the
absence of nanoparticles.

Suleimanov et al. [52] reported that the presence of
nanoparticles changes the rheological properties of
surfactant solution. Nanoparticle addition modifies the
flow character from Newtonian to non-Newtonian
(pseudoplastic). With added Nano-particles viscosity of
the aqueous surfactant solution became twice as higher as
the minimal Newtonian viscosity of aqueous surfactant
solution. The addition of NPs in sulphanole (anionic
surfactant-alkyl aryl sodium sulphonate) increases the
stability and reduces the surface tension of the fluid.

Singh and Mohanty [46] investigated the synergistic
effects of silica nanoparticles and anionic surfactants on
foam stability. The synergistic effect of nanoparticles and
surfactants was observed, and foam performance was also
evaluated. The addition of NPs at a low concentration
(0.3%) enhances the foam stability. The foam heights
almost remained the same for greater than four days.
Static foam tests were conducted with NPs dispersed in
0.5 wt% surfactants at 0.1-0.5 wt%. The foam decay was
compared with that of 0.5 wt% surfactants alone. When
the concentration of NPs was increased to 0.1 wt%, the
half-life increased to 68 h.

Fereidooni and Azizian [57] studied the effect of ZnO
nanoparticles on the dynamic (IFT) and equilibrium
interfacial tension (IFT) in the presence of the cationic
surfactant hexadecyltrimethylammonium bromidecationic
surfactant CTAB. It is observed that the presence of
CTAB and nanoparticles show a synergistic effect which
leads to decreases in the interfacial tension, and the mixed
diffusion kinetic controlled model controls the adsorption
mechanism of the surfactant to the interface. Adsorption
of CTAB on the surface of nanoparticles changes the
surface of ZnO from a hydrophilic to a hydrophobic
surface. As a result, nanoparticles increase the rate of
decreasing interfacial tension.

Rattanaudom et al. [30] used a dispersed solution
prepared by the mixed C15-18 I0S system at a surfactant
concentration above CMC (0.015 wt. %). The
concentrations of the SiO,-NP added varied from 0 ppm to
1000 ppm. It is reported that foam stability improved
significantly at higher concentrations of the SiO2-NP.
The system, mixed Ci515I0S formulation improved with
100ppm and 500ppm of SiO,-NP showed four times better
foam stability than that of the mixed Cys5 IOS system
alone.

Sakthivel et al. [45] examined the foam stability of
foams formed with the addition of carbon nanoparticles
(or nanodots) ranging from 5 to 500 ppm and different
types of surfactants (anionic, cationic and nonionic). Foam
stability improved by 70% and more than doubled the
foam half-life for some foams due to the presence of the
particles.

AlYousef et al. [58] studied three nonionic surfactants
and silica NPs to enhance foam stability. It is reported that
a balance in concentration between the nonionic
surfactants and the NPs can enhance the foam stability due
to forming of flocs in the solution. The combination of
surfactant and NPs produces more stable foam than the
surfactant. NPs provide a barrier between the gas bubbles
and delay the coalescence of bubbles. Further, flocs
increase the solution viscosity, which causes slowing the



88 World Journal of Chemical Education

drainage rate of the lamellae. The authors confirmed the
conclusion by measuring the foam half-life and bubble
size. The longest foam half-life was reported at 0.50 and
0.75 wt% NPs, 28 and 29 hours, respectively. NPs'
presence helps to produce smaller bubbles.

Li et al. [59] studied the synergistic effect of hydrophilic
SiO, nanoparticles and hexadecyltrimethylammonium
bromide (CTAB) on foam stability. It was found that the
synergistic effect requires a CTAB/SIO, concentration
ratio of 0.02-0.07, and 0.033 gives the concentration ratio.
As a result, NPs adsorb on the gas-liquid interface and
increase foam stability. The CTAB/SIO, stabilises
generated foam via three mechanisms: decreasing the
coarsening of CO, bubbles, improving interfacial
properties, and reducing liquid discharge.

AlYousef et al. [60] studied the ability of anionic
surfactant and a mixture of the surfactant and nanoparticles.
The synergistic effect of surfactant and nanoparticles was
seen. Furthermore, better foam stabilisation was seen as
the concentration of nanoparticles increased.

Khajehpour et al. [31] studied the synergistic effect
of nanoparticles and surfactants (an alkyl-benzene
sulfonate and an olefin-sulfonate surfactant) (Surfactant A
and Surfactant B, respectively) on foam generation.
Synergy is shown by the system having 0.1-wt%
nanoparticles and 0.05-wt% surfactant solution. On the
contrary, insufficient or excess amounts of NPs would
produce less foam.

5. Conclusions, Challenges and Future
Research

When NPs are added to an aqueous surfactant solution,
they increase the surface tension and viscosity of the
solution. Hence, the foam stability also increases. The
synergistic effect of surfactants and NPs can result in
more substantial and stable foam. This foam can enhance
the operations where higher foam stability is required.
Therefore, NPs and surfactant stabilised foams can
provide solutions to overcome the challenges faced by
surfactant foam.

The use of nanoparticles is beneficial in terms of
increasing foam stability, but its drawbacks cannot be
turned away. The cost of NPs is an important issue
that needs to be looked into at the start of every
new project. The synthesis and production process
of nanoparticles is possibly expensive, which should
be made cheap wusing state-of-the-art technology.
Apart from this, nanotechnology is a comparatively
new technology, so there is a need to do more experiments
in foam and surfactant science so that nanotechnology
and nanoparticles can be used in an even better
way to increase foam stability. The synergistic effect of
NPs and surfactants for foam stabilisation is still poorly
understood. It is still in its introductory stage, so more
investigations are needed to understand it properly.
Numerical and simulation investigations need more
attention to understand nanoparticle-stabilised foams'
theory.
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