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Introduction

In recent years, aqueous foam has been used as a fluid
for gas shut-off in high GOR reservoirs. A system
could be used successfully for gas shut-off if the
injected foam could be stabilized for a considerable
time with no need for additional foam injection into
the wellbore [1].

Foams are usually generated by surfactant. However,
the surfactant stabilized foam could not be stabilized
for a long time due to surfactant adsorption on the rock
surface [2]. The recent studies show that nanoparticles
could also be used for foam generation with better
stability. The foam instability is controlled by three
main mechanisms:

1- Drainage: due to significant difference between
water and gas densities, the water phase flows under
drainge effects.

2- Disproportionation: due to gas diffusion from small
bubble to large bubble, the foam will be unstable.

3- Coalescence: rupture of thin film among two
bubbles.

Generally, the drainage velocity decreases as the liquid
bulk viscosity increases. Disproportionation could be
controlled by using low solubility gas and increasing
the surface elasticity. Moreover, coalescence could be
controlled be increasing interfacial tension.

If nanoparticles are used, foaming mechanisms are
changed considerably compared with surfactant alone
[3-6].

Nanoparticles are generally water wet. To change the
wettability toward hydrophobicity, surfactant is used
in this study to modify the nanoparticle behavior.
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Stabilized foam by modified nanoparticles using
surfactant has better performance. Many different
studies consider the effects of nanoparticles on foam
stability. In the study by Mahpishanian et al. in 2021
[7], the effects of silica nanoparticle on wettability
alteration are evaluated experimentally to be used in
enhanced oil recovery methods. In 2019, the effects of
nanoparticles on the solubility and diversion of acid
were modeled by Bahmani et al [8].

In this study, in order to better understand the behavior
of stabilized foam with a mixture of nanoparticles
and surfactants, foam ability, foam stability with
time, wettability changes of nanoparticle with time,
and interfacial tension with time were investigated
experimentally.

Materials and Methods

In this study, the role of nanoparticle as a surface
acting agent is evaluated. Two experiments are used
to evaluate the interfacial performance of nanoparticle
as a function of time; surface tension test and dynamic
contact angle test. To measure the foaming and
stability behavior, Ross-Miles method is used. At last,
the results are analyzed by foam decay diagram which
is a tool to evaluate foaming behavior and stability.
Silica nanoparticle with diameter of 15 nanometer
as solid powder and Ethyl Hexadecyl Dimrthyl
Ammonium Bromid (C,H,BrN) as a cationic
surfactant are used for this study. Moreover, deionized
water with low conductivity (less than 5 micro
Siemens) is used as solver for salt, surfactant and
nanoparticle. The oil for this study is acquired from
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one of the Iranian reservoirs.

Results and Discussion

At first, the concentration of silica nanoparticle is
considered as 0.1 weight percent and surfactant with
different concentrations of 0.02, 0.04, and 0.06 weight
percent are added separately. Then, the nanoparticle
concentration is changed to 0.01 weight percent and
the surfactant concentrations are added to the solvent.
The contact angles of all solvents are measured. Note
that the CMC is considered as 0.04 weight percent.
The contact angle of nanoparticle without surfactant
is like a fresh water. Hence, nanoparticles could not be
considered as a surface acting agent. The contact angle
behavior for mixture of nanoparticle and surfactant is
different which shows that nanoparticle could affect
the interfacial tension if surfactant is present. The
results show that at critical micelle concentration of
surfactant, the maximum contact angle is observed
for the mixture of nanoparticle and surfactant. The
contact angle decreases significantly if surfactant
concentration increases or decreases. Therefore,
surfactant concentration is categorized into high
hydrophobicity (around 60° and 1 CMC) and low
hydrophobicity (around 30° and 0.5-1.5 CMC).

The surface tension test is also performed for all
solvents. For concentration of 0.02 weight percent,
the interfacial tension of surfactant-nanoparticle
mixture is higher that surfactant interfacial tension. By
increasing surfactant concentration up to 0.04 weight
percent (1 CMC), the interfacial tension of surfactant-
nanoparticle mixture increases and reaches to its
maximum value. This phenomenon was attributed to
the reduction of free surfactants due to adsorption on the
nanoparticles. By increasing surfactant concentration
up to 0.06 weight percent, the interfacial tension of
surfactant-nanoparticle mixture decreases and reaches
the interfacial tension of surfactant soluble.

In low hydrophobicity, nanoparticles will not be
surface acting agent, and they have a linear decay
diagram similar to foam stabilized with surfactant
alone. Therefore, the initial stability of the foam is
controlled by the free surfactant and later, the stability
of the foam is controlled by the nanoparticles and
increases substantially as the bridging mechanisms
become more prominent, maximum capillary pressure
increases, and viscosity of the liquid bulk increases.
At high levels of nanoparticle hydrophobicity (close
to CMC 1), the nanoparticles act as surfactants and
no longer have the sharp linear drop observed in
other samples with low adsorption values. Therefore,
the beginning of the foam life is controlled by both
nanoparticles and free surfactant.

Conclusions

In order to better understand the behavior of stabilized
foam with a mixture of nanoparticles and surfactants,
foam ability, foam stability with time, wettability

changes of nanoparticle with time, and interfacial
tension with time were investigated experimentally.
The main findings of this study are as follows:

* The contact angle of nanoparticle without surfactant
is like a fresh water. Hence, nanoparticle could not be
considered as a surface acting agent. The contact angle
behavior for mixture of nanoparticle and surfactant is
different which shows that nanoparticle could affect
the interfacial tension if surfactant is present. The
results show that at critical micelle concentration
of surfactant, the maximum contact angle of 57°
is observed for the mixture of nanoparticle and
surfactant. The contact angle decreases significantly
if surfactant concentration increases or decreases.
Therefore, surfactant concentration is categorized into
high hydrophobicity (around 60° and 1 CMC) and low
hydrophobicity (around 30° and 0.5-1.5 CMC). Note
that the contact angles of all samples stabilize during
around 24 hours.

* For concentration of 0.02 weight percent, the
interfacial tension of surfactant-nanoparticle mixture
is higher that surfactant interfacial tension. By
increasing surfactant concentration up to 0.04 weight
percent (I CMC), the interfacial tension of surfactant-
nanoparticle mixture increases and reaches to its
maximum value. This phenomenon was attributed to
the reduction of free surfactants due to adsorption on the
nanoparticles. By increasing surfactant concentration
up to 0.06 weight percent, the interfacial tension of
surfactant-nanoparticle mixture decreases and reaches
the interfacial tension of surfactant soluble.

* In low hydrophobicity, nanoparticle will not be
surface acting agent and has a linear decay diagram
similar to foam stabilized with surfactant alone.
Therefore, the initial stability of the foam is controlled
by the free surfactant and later, the stability of the
foam is controlled by the nanoparticles and increases
substantially as the bridging mechanisms become more
prominent, maximum capillary pressure increases, and
viscosity of the liquid bulk increases.

* At high levels of nanoparticle hydrophobicity (close
to CMC 1), the nanoparticles act as surfactants and
no longer have the sharp linear drop observed in
other samples with low adsorption values. Therefore,
the beginning of the foam life is controlled by both
nanoparticles and free surfactant.

* The foaming behavior of foam generating solutions is
similar to the interfacial tensile behavior which is due
to short equilibrium time. In cases with low interfacial
tension, the foaming behavior decreases.

* The change in wettability of nanoparticles, which had
a long equilibrium time, was proposed as a mechanism
for high stability of nanoparticle-stabilized foam in the
second half of its life.

Nomenclatures
CMC: (Critical Micelle Concentration)



CTAB: (Cetyltrimethylammonium Bromide)
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1. Aqueous Foam

2. Gas shut-Off

3. Gas shut-Off

4. Drainage

5. Disproportionation
6. Diffusion

7. Coalescence

8. Film

9. Aggregate
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