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Foam flooding can improve oil recovery performance through reducing gas mobility in subsurface porous media.
However, foam in porous media is thermodynamically unstable, especially in reservoir conditions where it is in
contact with hydrocarbons (oil phase). In this study, the use of silica (SiO2) and rice husk ask (RHA) nano-
particles with xanthan gum (XG) and acacia gum (AG) polymers, is proposed to improve the foam stability at
high temperature and high salinity conditions in the presence of oil phase. Moreover, it was highlighted that the
potential use of RHA, extracted from waste materials, and natural acacia gum can substitute previously proposed
synthesized nanoparticles and polymers as foam additives for immiscible displacement in subsurface porous
media.

The results show that the addition of polymers do not change the surface tension at high temperatures, and its
combination with nanoparticles can increase the viscosity of surfactant remarkably. It was found that an increase
in the stability of CO2-foam can be achieved with increasing nanoparticles and polymer concentrations to op-
timum concentrations. Furthermore, foam stability increases with decreasing the nanoparticles sizes and in-
creasing the molecular weight of the polymer.

In order to understand the performance of the optimum foam composition at high temperature and salinity
conditions, the foam was brought into contact with a reservoir oil. It was shown that the CO2-foam stability in
the presence of oil, could be enhanced by using nanoparticles and polymers, compared to the CO2-foam system
with no additives. The reason for such improvement is due to the presence of nanoparticles and polymers in
lamellae that break the oil into the emulsion droplets system that can flow easily through the lamellae without
draining the entire surfactant solution from them.
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1. Introduction

Gas injection has been used as one of the methods to increase oil
production in many reservoirs [1–3], in which gases such as carbon
dioxide, nitrogen, methane, and hydrogen sulfide are injected into the
subsurface reservoirs to overcome capillary and viscose forces in porous
media and push the oil out of pores [4–6]. Carbon dioxide (CO2) has
been used for oil recovery from conventional reservoirs, and it is pro-
posed for heavy oil recovery processes, this is due to its non-flammable
and non-toxic nature, and economic viability [7–9]. Besides that, one of
the solutions to mitigate greenhouse gas emissions is to use it in en-
hanced oil recovery (EOR) processes and store it in depleted oil re-
servoirs.

The drawbacks of CO2 injection into subsurface reservoirs are re-
lated to the low density and viscosity of CO2 which lead to gas chan-
nelling and its early breakthrough during EOR processes that means a
lower sweep efficiency may be achieved [8,10]. To overcome these
drawbacks, foams have been introduced where the co-injection of a gas
and surfactant solution could reduce gas mobility (i.e., increasing ap-
parent gas viscosity) and in turn improves the oil sweep efficiency [11].

Foam is developed by diffusing a large amount of gas into a con-
tinuous liquid phase and generating gas bubbles that are surrounded by
liquid films called lamellae, which directs gas to flow through the low-
permeability regions and leads to a reduced gas fingering and improved
sweep efficiency in EOR processes [6,12].

There are many factors influencing the success of a foam flooding
process, such as the type of surfactant, reservoir temperature, salinity,
pressure, wettability, surface adsorption, and the presence of oil.
Therefore, foam is classified as a metastable structure by its nature at
reservoir conditions and this is due to the drainage of liquid surfactant
from the lamellae that causes an increase in capillary pressure and
decreases the lamellae thickness, that eventually initiates the foam
coalescence and lamellae rupture [13].

The reservoir hydrocarbons introduce an additional detrimental
effect on foam stability. Many investigators studied the effect of re-
servoir oil on foam properties [14–16]. Generally, the presence of oil
decreases the foam stability by rupturing bubbles through the spreading
of oil droplet on the gas-liquid interface in the foam lamellae. However,
foam remains stable if the presented oil creates a stable pseudoemulsion
film when the oil and gas phases are separated by the surfactant solu-
tion. Therefore, the foam stability in the presence of reservoir hydro-
carbons is governed by the stability of pseudoemulsion phase [16,17].

One of the proposed solutions to enhance the foam stability is the
use of nanoparticles in the foam structure. Recently, nanotechnology
has been introduced in the oil and gas industry as promising solutions
in well and reservoir engineering concepts, especially for enhanced oil
recovery methods [18–20]. Since surfactants are not able to maintain
the foam stability for a long period of time at reservoir conditions in the
presence of oil, nanoparticles have been used with surfactants to in-
crease the foam stability [18,21]. Nanoparticles have very small sizes,
which can easily move without plugging the rock pores, and they are
sustainable materials at reservoir conditions such as heightened tem-
peratures and salinities [22–24].

Manan et al. [25] conducted several experiments to measure the
foam stability in the presence of different types and concentrations of
nanoparticles such as silicon dioxide, aluminium oxide, copper oxide
and titanium dioxide in alpha olefin sulfonate (AOS) surfactant. The
stability was tested using Ross-Miles method using a half-life test at
ambient temperature and atmospheric pressure. The results revealed
that all types of nanoparticles improved the stability of CO2-foam at low
concentrations of nanoparticles, and aluminium oxide nanoparticles
with a concentration of 0.1 wt% showed higher stability compared to
others. Moreover, the results from displacement tests that were con-
ducted on sand packs confirmed the enhancement achieved by using
nanoparticles.

The main parameters that control the stability of foam with

nanoparticles are: (1) the large adhesion energy between nanoparticles
and thin liquid films of the foam that allows the particles to cling with
each another in the foam interface which protects the foam bubble from
the rupture or coalescence [24,26], (2) the presence of nanoparticles
can increase the lamellae thickness, which increase the foam stability
[27], (3) nanoparticles helps to decrease the liquid drainage from foam
lamellae, through creating monolayer or a gel structure inside the li-
quid lamellae [28].

Alzobaidi et al. [29] demonstrated nanoparticles have the ability to
lower the interfacial tension at the gas-liquid interface, thus reduce the
capillary pressure across the gas-liquid interface, which in turn increase
the foam stability. The improved foam stability was attributed by the
increase of the foam lamellae thickness, due to the adsorption and ag-
gregation of nanoparticles between the bubbles in thin liquid films,
therefore reducing the capillary pressure between the gas-liquid inter-
face [27]. Thus, the lower the capillary pressure the higher the foam
stability and the lower the bubbles coalescence rate.

According to the findings by Espinoza et al. [24], 5.0 nm silica na-
noparticles created a supercritical stabilised CO2-foam with an im-
proved foam viscosity. Different ranges of nanoparticle concentrations,
salinities, flow rates and temperatures were tested with supercritical
CO2. The results revealed that silica nanoparticles with the concentra-
tion of 0.05 wt%, creates a stable CO2-foam at high-temperature con-
ditions with a mobility ratio eighteen times lower than the foam gen-
erated by the surfactant solution and supercritical CO2 without any
nanoparticles. Also, similar results were reported in a study by Zhang
et al. [30], in which they confirmed that CO2 in a surfactant solution
with surface treated silica, can generate stable foams that will sustain at
harsh conditions such as high temperatures and high salinities. Fur-
thermore, other studies demonstrated that as the concentration of the
silica nanoparticles increases, the stability of supercritical CO2-foam
improves further.

Guo and Aryana [31] investigated the possibility of using nanoclay
and silica nanoparticles with pure and mixed surfactants of AOS and
Lauramidopropyl Betaine (LAPB), which is a Zwitterionic type, to im-
prove the foam stability. Foam behaviour was evaluated by using
modified bulk foam tests for foamability and the foam stability, and by
using a microfluidic 2-D model for foam flow in porous media. The
results of the foamability test showed that silica nanoparticles or na-
noclay with AOS have the best foamability response. Therefore, nano-
clay can be the best alternative to silica nanoparticles in improving
foam properties for EOR processes. In addition, the mixed solution of
AOS and LAPB was not effective compared to individual surfactants, as
the mixed solution of AOS and LAPB showed a reduction in foamability
in the presence of silica nanoparticles and nanoclay.

Nanoparticles from waste products were also used to increase the
foam stability, which are considered as environmentally-friendly solu-
tions to dispose and sequester waste products in oil reservoirs. Some of
these waste products are rice husk ash (RHA) and fly ash (FA) nano-
particles that can be used to stabilise the CO2-foam and improve foam
mobility. Several studies have addressed the effect of using FA NPs to
improve the foam stability, however the use of RHA NPs to improve the
foam stability has not been investigated to a high extend, and only a
few studies have reported their use in the literature. RHA is a natural
material that is generated from rice milling and is converted into ash
during the firing process, it contains up to 90% amorphous silica [32].
In a recent study by Jie et al [33], they demonstrated that using RHA
NPs can generate stable foams in the presence and absence of oil. Their
bulk foam stability tests revealed that RHA NPs improved the foam
stability and increased the half-life time from 123min to 145min, when
the RHA concentration increased from 0.1 wt% to 0.9 wt%. Ad-
ditionally, the RHA-enhanced foam demonstrated slightly better stabi-
lity compared to the commercial silica NPs. However, for both types of
nanoparticles, the presence of oil had detrimental effects on the half-life
time, with less detrimental effect in the presence of silica NPs.

Singh et al. [34] reported a more stabilised foam generated by
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carbon dioxide, and thermally treated FA nanoparticles that were
produced from coal power plants. The foam texture study demonstrated
that using non-ionic or anionic surfactants and carbon dioxide with
thermally treated FA nanoparticles, can generate small bubbles and
strong foam in porous media. Also, in Berea core, the study showed that
a great improvement in stability of CO2-foam can be achieved with an
even lower concentrations of thermally treated FA nanoparticles in the
absence of oil [30]. Moreover, Eftekhari et al [35] tested the possibility
of using FA nanoparticles to stabilise foam for EOR applications using
bulk and porous media tests. The results showed that with a small
concentration of FA nanoparticles, foam stability was significantly in-
creased in the presence of oil. In addition, since the oil with surfactant
solution generated stable emulsions when FA nanoparticles were added,
a strong foam structure was formed and a high oil recovery from core
samples was achieved.

Many researchers investigated and introduced different types of
polymers to improve the viscosity of foam and its stability, and in turn
enhance the mobility ratio and increase the oil recovery factor
[13,36,37]. Ahmed et al. [13] reported improvements in the CO2-foam
stability by using conventional and associative polymers. CO2-foam was
generated by using AOS surfactant with 3.0 wt% of NaCl, 0.5 wt% be-
taine as foam stabilizer, and 0.2 wt% of hydrolysed polyacrylamide and
associative polymers (superpusher) at 80 °C and atmospheric pressure.
The results proved that the generated CO2-foam without polymer was
unstable and it was decayed faster than other foams in which polymers
were used. This is due to low viscosity of liquid solution of CO2-foam
without polymer, which makes the liquid drainage fast and lamellae
become thin. By using polymer, the viscosity was increased, and the
foam stability was improved with a better stability through using as-
sociative polymer compared to conventional polymer (reported half-
lives were 1876 and 1500 s for associative and conventional polymers,
respectively). Acacia gum (gum Arabic) has also been used as a type of
polymer in enhanced oil recovery processes [38–40], and it has a si-
milar molecular structure as xanthan gum. Solomon et al. [41] con-
ducted core flood experiments using different polymers (xanthan gum
and acacia gum) with sodium hydroxide and a surfactant (Shell Enordet
0242), in an alkali/surfactant/polymer (ASP) flood process. The study
demonstrated that xanthan gum in the ASP process provided a stable
front displacement than acacia gum, thus high acacia gum concentra-
tion was recommended to achieve better displacement process.

The synergistic effects of nanoparticles and polymers with a sur-
factant have been studied by many researchers in recent years. Emrani
and Nasr-El-din in 2017 studied the effect of nanoparticles and poly-
mers on the CO2-foam stability to be used as a hydraulic fracturing fluid
[42]. The results showed that the foam stability and its mobility re-
duction were improved when guar gum and silica nanoparticles were
added to alpha olefin sulfonate solution. Silica nanoparticles covered
the surface of bubbles and made them more stable at high temperature
and salinity conditions while polymer decreased the liquid flow rate

from lamellae by increasing its viscosity. In addition, Kalyanaraman
et al. [43] studied the effect of using nanoparticles with a polymer on
the improvement of foam rheology. A surfactant solution containing
polyelectrolytes (PEI) and polyelectrolyte complex nanoparticles was
used to generate CO2-foam. The results revealed that using polyelec-
trolyte complex nanoparticles (PECNP) produced a stable foam in the
presence of oil while the foam viscosity was improved using both the
PEI and PECNP surfactants.

Most of the studies to date, discussed the CO2-foam stability at harsh
conditions in the presence of nanoparticles or polymers, and only few
studies have addressed the synergetic effect and properties of nano-
particles and polymers on the foam stability for EOR processes at high
temperature and salinity conditions. However, the effect of these ad-
ditives on the foam stability in the presence of oil phase was not ex-
tensively investigated.

Therefore, in this study we investigated the properties of nano-
particles/polymers enhanced foams at high temperature and salinity
conditions in the presence of oil. We used different nanoparticles (silica
and rice husk ash), and polymers (xanthan gum and acacia gum) to
determine the CO2-foam stability. Then, the effects of oil phase on the
foam stability at high temperature and salinity conditions were pre-
sented.

2. Experimental setup and procedure

2.1. Materials

An anionic surfactant (alpha olefin sulfonate, AOS) with a viscosity
of 1.0 cp at 22 °C, and pH of 7.0–8.0, was used in this study. AOS is
widely used in EOR processes to provide a solution with low interfacial
tension and low adsorption rate on rock surfaces. The salinity of 2.0 wt
% of NaCl was adjusted by adding sodium chloride with a purity greater
than 99%. Carbon dioxide (CO2) with a purity greater than 99% was
used as our gas phase, and distilled water was mixed with surfactants in
all the experiments.

Fumed silica (SiO2), and rice husk ash (RHA) are two types of na-
noparticles were used in this study. Silica nanoparticles have a mole-
cular weight of 60.08 g/mol, and an average particle diameter of
7.0 nm. However, when silica NPs dispersed in the water solution, the
Z-average particles diameter was increased to 133 nm as shown in
Fig. 1 (particles size distributions for silica and RHA NPs were measured
using zetasizer nano-zs). This is due to the large surface area of silica
NPs and the process used to produce them, which favour the nano-
particles to form stable aggregates in aqueous suspension even after the
ultrasonic treatment [44]. The rice husk ash nanoparticles are a by-
product of burning rice husk, with a bulk density of 550–650 kg/m3, pH
of 7.10. The RHA sample had large particles sizes and they were de-
creased by using the ball milling process, the Z-average particle size was
420 nm. As shown in Fig. 1 the size distribution by intensity of RHA

Fig. 1. Size distribution by intensity of Silica and RHA NPs.
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(green curve) has two peaks recorded as 350 nm for peak 1, and
5000 nm for peak 2.

Two types of polymers with different molecular weights (xanthan
gum and acacia gum) were used to find their impacts on foam stability
at high-temperature conditions.

In our experiments, xanthan gum polymer (XG) has a molecular
weight of 3.2 million g/mol and acacia gum (AG) has a molecular
weight of 1.0 million g/mol (molecular weights were measured using
zetasizer nano-zs).

To investigate the impact of oil phase on the foam stability, a North
Sea oil sample with an API degree of 24.75 and a viscosity of 54.71 cP at
23 °C (7.99 cP at 70 °C) was used.

2.2. Sample preparation

To prepare a solution that includes AOS surfactant, NaCl, nano-
particles and polymers, different steps were taken in a specific order.
Firstly, 2.0 wt% NaCl was added to 200ml of distilled water, then re-
quired mass of nanoparticles (0.05, 0.2, 0.5 and 1.0 wt%) were mixed
with the solution for one hour using a magnetic stirrer (all weight
percentages are referenced to the weight of 200ml of distilled water).
Then the sample was placed in an ultrasonic water bath at the tem-
perature of 35 °C for a period of two hours, this process helps in further
agitation and dispersion of the nanoparticles into distilled water. The
ultrasonic bath is normally used to generate high shear forces to dis-
perse the nanoparticles when small particles are mixed in water, this
avoids any precipitation and agglomeration of them in the solution
[44]. Then required masses of AOS surfactant (0.5 wt%) and polymers
(0.1, 0.3 and 0.5 wt %) were added to the solution of brine and nano-
particles, and the sample was stirred for a period of 24 h with the
magnetic stirrer.

2.3. Surface tension and viscosity

Surface tension of the surfactant solutions was measured using
Sigma tensiometer 703D based on DuNouy ring method with different
concentrations of nanoparticles at different temperatures. Furthermore,
viscosity of the surfactant solutions and their shear rate profiles with
different concentrations of nanoparticles and polymers at different
temperatures were measured using Rheometer DHR-3.

2.4. Bulk foam stability test

There are different standard methods to evaluate the foamability of
surfactants and foam stability in bulk and porous media. In bulk foam
tests the main criteria are the foam height and its half-life time [25],
and in foam tests in porous media the main criteria are the pressure
gradient, viscosity and mobility reduction factor [45].

Although the column test has been used in many studies to evaluate
foam stability and foamability, it is difficult to use the column test to
analyse the foam stability at high-temperature conditions. Therefore,
bottle test is selected in this research to test the foam stability and
foamability.

Bottle test, ASTM D3601, is used to measure the foamability and
foam stability with different concentrations of additives at high tem-
perature conditions. The test requires a 16 oz. Boston round bottle with
the height of 169mm and diameter of 75mm. A transparent waterproof
tape label (marked from 0 to 169mm) was fixed to the outside of the
bottle to monitor the foam height. The foam solution is poured into the
bottle and placed in a water bath, consisting of a beaker that is filled
with water and placed on a hot plate for one hour at the desired tem-
perature (85 °C), as shown in Fig. 2. Then the solution was removed
from the water bath and the CO2 was injected into the surfactant so-
lution for two minutes. At this time the height of the liquideCO2 in-
terface was recorded, and it is the initial liquid height. The bottle was
returned to the water bath for 30min. The bottle was then shaken at a

speed of 40 shakes per 10 s with a minimum 8-inch stroke. After the
shaking process, the maximum total height is recorded (total foam
height at time zero) and the timer was started. The bottle was placed
back into the water bath and remained undisturbed for the rest of test
period. The time required for the foam to decay to the initial height was
recorded and analysed as foam stability criteria.

The bubble size distribution and foam texture were investigated by
using an Olympus microscope SZX100 and ImageJ software.

The foam stability can be analysed by using Eqs. (1) and (2) which
show the maximum foam height and normalized foam height, respec-
tively:

Ft =Mt−I (1)

=F F
Fnht

t

t0 (2)

where, Ft, is the foam height at time t,
Mt, is the total height of liquid and foam at time t,
I, is the height of liquid at time t,
Fnht, is the normalized foam height at time t,
and Ft0, is the total foam height at the beginning of the test.

3. Results and discussion

3.1. Surfactant concentrations and the CMC value

The Critical Micelle Concentration, CMC, value for AOS was iden-
tified using a DuNouy ring tensiometer at 25 °C and 85 °C. As it can be
seen from Fig. 3, by increasing the concentration of AOS surfactant,
surface tension decreases continuously until it reaches the CMC point
(0.1 wt%); in which the surface tension is 29.3 mN/m, and 25.6mN/m
at 25 °C and 85 °C, respectively. As the temperature increases, the ki-
netic energy of the molecules increases, which leads to a decrease in the
attraction forces between the molecules at the interface. Furthermore,
this allows a higher number of surfactant molecules to be present at the
liquid-gas interface, thus a lower surface tension can be achieved
[47–49].

The impacts of different additives on the surface tension of the AOS
solution at different temperatures were measured. To investigate the
effect of NaCl, nanoparticles, and polymers on the surfactant surface
tension, the AOS solution was mixed with NaCl at optimum con-
centrations of nanoparticles (SiO2 and RHA), and polymers (XG and
AG). The surface tension values of the mixtures of 0.5 wt% AOS, 2.0 wt
% NaCl, 0.2 wt% SiO2 NPs, and 0.2 wt% RHA NPs are shown in Fig. 4.
Adding NaCl decreased the surface tension at 25 °C, as the salt reduces
the electrostatic repulsion between the surfactant ionised head-groups,
in which surfactant head groups will be expelled to the surface,
therefore, it reduces the surface tension [50,51].

At higher temperatures, besides the effect of salinity, the tempera-
ture can further decrease the surface tension, due to the increase in
kinetic energy of the AOS molecules. Therefore, in the optimum mix-
ture solution, the surface tension was decreased due to the dominant
effects of salinity and temperature.

Fig. 5 shows the influence of adding XG on increasing the AOS
surface tension at 25 °C, where the surface tension was increased from
32.4 mN/m to 35.2 mN/m by adding 0.3 wt% XG to the AOS solution,
and in the presence of NaCl the surface tension increased from
29.4 mN/m to 34.5mN/m when adding XG and NPs. This is because of
the reduced mobility of surfactant molecules in the presence of XG due
to the association of surfactant and polymers, and a high viscosity of the
solution, which led to an increase in the surface tension of the AOS
solution [52]. The effect of XG was minimised at 85 °C as the surface
tension of the AOS solution and other additives with XG was dramati-
cally decreased from 35.2mN/m to 29.0 mN/m when the temperature
raised from 25 °C to 85 °C.

The impact of AG on the surface tension is shown in Fig. 6. It has no
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remarkable effect on the surface tension of the saline solution at 25 °C
and 85 °C. The AOS surfactant molecules occupied the gas-liquid in-
terface and decreased the surface tension, without any influence from
the AG molecules, thus adding such polymers will not affect the surface
tension.

3.2. Surfactant viscosity measurement

Viscosity versus shear rate was measured for the solutions with the
optimum concentration of XG and AG (0.3 wt%), the surfactant con-
centration of 0.5 wt%, the salinity of 2.0 wt% and the silica/RHA NPs
concentration of 0.2 wt%, at the temperature of 85 °C. As shown in
Figs. 7 and 8, viscosities of the solutions were gradually decreased with
increasing shear rates, demonstrating shear-thinning behaviours.
Overall, the solutions of XG and AG were showed higher viscosities than
the AOS solution, with a higher value in the XG solution compared to
the AG solution.

According to the results shown in Figs. 7 and 8, adding AOS, NaCl,
and SiO2/RHA NPs to the XG or AG solutions slightly decreased the
viscosity of them at low shear rates, and the changes in viscosity of the
solutions were negligible at higher shear rates. The reduction in visc-
osity is attributed to the addition of NaCl as a result of weakening in-
termolecular forces between the polymer molecules, and limiting the

molecules extension therefore, it decreases the solution viscosity.
The XG solutions with and without additives showed higher visc-

osities than the AG solutions in all shear rates, this can be due to the
molecular weight of XG which is much higher than the molecular
weight of AC. Therefore, using XG as an additive with the AOS solution
to generate CO2-foam will lead to an increase in the CO2-foam apparent
viscosity.

3.3. Bulk foam stability

To verify the capability of the bottle test in measuring the foam
stability, two foam stability experiments were conducted using the
column and bottle tests with 0.5 wt% AOS surfactant at ambient tem-
perature (25.6 °C). In the column test, 200ml of the AOS surfactant was
placed in a 1000-mL graduated glass cylinder, using the ASTM D 1173
method foam was generated by CO2 injection though the porous stone
(pore diameter 0.2 μm) at the pressure of 1.5 bar. Fig. 9 shows the
normalised foam height versus time for the bottle and column tests
using the AOS solution. The normalised foam heights are reasonably
comparable for both test methods. The two tests were repeated to
confirm that they can predict the behaviour of foam in a consistent way.

Furthermore, the bubble-size distributions after five minutes for
both methods are shown in

Fig. 10. Based on the results from ImageJ analysis, foam bubble-size
distributions from both methods showed reasonably similar trends.
Through these analyses we could conclude that the predictions and
results of foam stability and texture analysis by these methods are
comparable.

The AOS solution with a concentration of 0.5 wt% (five times the
critical micelle concentration, CMC) was used at 26.1 and 85 °C with
high-salinity condition, to determine the effect of temperature and
salinity on the AOS foam stability. In these experiments, the foam sta-
bility was determined by monitoring the normalized foam height as a
function of time.

Fig. 2. Schematic of the bottle test experiment [46].

Fig. 3. Surface tension of AOS surfactant at different temperatures.

Fig. 4. Surface tension of the AOS solution with 2.0 wt% of NaCl and 0.2 wt% of SiO2 NPs and RHA NPs.
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The results revealed that foam stability for the foam produced by
the AOS were sharply decreased at a higher temperature as shown in
Fig. 11. This is due to the increase in the drainage rate from thin la-
mellae, which caused a higher bubble coalescence rate. When salinity
of the AOS solution was increased at different temperatures, the foam
stability was further decreased. The results showed that adding 2.0 wt%
of NaCl affected the foam half-life time drastically (half-life is the time
taken to reach to the half of the initial foam height after its generation),
from 5420 s to 360 s at 26.1 °C. The change in the half-life time was
from 261 s to 100 s when the temperature was 85 °C. This behaviour
could be justified as salt ions can attract polar molecules of water and
repel surfactant molecules out of the solution, which in turn reduces the
concentration of surfactant molecules in the solution and destabilises
foams.

3.4. Nanoparticle-stabilized CO2-foam

To investigate the performance of nanoparticle-stabilized CO2-foam,
static foam experiments were conducted using the bottle test method
with different concentrations of SiO2 and RHA nanoparticles at the
salinity of 2 wt% (NaCl) and the temperature of 85 °C.

As shown in Fig. 12, the CO2-foam stability increases with in-
creasing the concentration of SiO2 and RHA NPs up to a certain con-
centration. Nanoparticles at low concentrations (0.05 and 0.1 wt %)
generated foams with lower stability and half-life time compared to the
higher concentrations. At lower concentrations of nanoparticles, their
presence at the interface was not enough to prevent the liquid drainage
and improve the stability.

At the concentration of 0.2 wt% of the nanoparticles, stable foams
were generated with half-life and total decay times of 420 and 1800 s
for SiO2 NPs, and 320 and 1200 s for RHA NPs, respectively. Therefore,
the concentration of 0.2 wt% was considered as an optimum con-
centration for both types of nanoparticles. At this concentration, the
drainage rate from the thin lamellae was reduced by enough nano-
particles accumulated at the gas-liquid interface and plateau boarders.
However, beyond this concentration, the effect of increasing nano-
particles concertation was deteriorating to the foam stability. As, the
concentration of nanoparticles increases, more flocs are generated in-
side the lamella, thus these large and dense aggregates accelerate the
foam coalescence and decrease the foam stability. This is because of
extra gravity forces which increase the rate of the fluid drainage and
expedite the rupturing of the bubbles. According to AlYousef et al. [53]

the addition of NPs at low to intermediate concentrations produced a
more stable foam by generating small flocs that provide barriers be-
tween the gas bubbles and delaying the coalescence of bubbles. How-
ever, an excessive amount of NPs, reduced the maximum capillary
pressure of coalescence and the value of zeta potential was decreased,
as a result of the formation of extensive aggerates.

Furthermore, as shown in Fig. 13, the half-life time of the nano-
particle-stabilized foam increases until it reaches to the nanoparticles
concentration of 0.2 wt%, and then it starts to decrease due to the
gravity effect that accelerates the nanoparticles aggregation at higher
concentrations.

Additionally, due to the difference in the average size of nano-
particles in the solution (133 nm for SiO2 NPs, and 420 nm for RHA
NPs), at the optimum concentrations of nanoparticles, SiO2 NPs gen-
erated higher stability foam with a longer half-life time than RHA NPs.
This is because the nanoparticles with large sizes require more energy
to be attached on the gas-liquid interface compared to the particles with
smaller sizes, which means larger particles decrease the foam stability
[54].

Although the RHA NPs have lower stability than SiO2 NPs, it could
be considered as the optimum nanoparticles for foam stability, as they
are a bi-product of waste materials, therefore using them can provide a
sustainable solution to manage waste materials, besides they are low-
cost materials compared to other synthetic nanoparticles. Moreover, the
RHA NPs have most of the properties of the SiO2 NPs, naturally more
silica content in the RHA (90% amorphous silica) [55], which makes
the RHA the best alternative nanoparticles to be used effectively in EOR
process. This will reduce the cost of producing synthetic SiO2 NPs.
However, to improve the efficiency of the RHA nanoparticles in the
foam stability, further reduction in the range of RHA particles sizes is
needed.

Fig. 13 shows that at lower concentrations of nanoparticles (0.05 wt
% and 0.1 wt %), larger sizes of nanoparticles have slightly longer half-
life time compare to smaller sizes. This might be due to the mechanism
of nanoparticles accumulation at the foam lamellae, bigger particles at
low concentrations will cover most of the lamellae surfaces and de-
monstrate a better stability than smaller particles at low concentrations.
However, further studies are required to investigate the effect of dif-
ferent particles sizes of NPs at low and high concentrations on the foam
stability.

Fig. 5. Surface tension of the AOS solution with and without 2.0 wt% of NaCl, 0.2 wt% of SiO2 NPs / RHA NPs, and 0.3 wt% XG.

Fig. 6. Surface tension of the AOS solution with and without 2.0 wt% of NaCl, 0.2 wt% of SiO2 NPs / RHA NPs, and 0.3 wt% AG.
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3.5. Nanoparticle/polymer-stabilized CO2-foam

The effect of polymer concentration on nanoparticle-stabilized CO2-
foam stability was examined by performing a series of experiments to
study the synergetic effect of nanoparticles and polymers in enhancing
the CO2-foam properties at 85 °C and 2.0 wt% salinity.

The foam stability was tested for solutions with the optimum con-
centration of nanoparticles (SiO2 and RHA) and different concentra-
tions of polymers (XG and AG). Three concentrations of polymers (0.1,
0.3, and 0.5 wt%) were used while the concentrations of AOS surfac-
tant, nanoparticles and NaCl were remained constant at 0.5 wt%, 0.2 wt
%, and 2.0 wt%, respectively. Increasing the polymers concentration
enhancing the foam stability for both types of nanoparticles as shown in
Fig. 14. The foam that was enhanced by XG with SiO2 NPs, demon-
strated a high stability with the XG concertation of 0.3 wt% (3900 s)
which was higher than the measured values for the XG concentrations
of 0.1 wt% and 0.5 wt%, 2400 and 3300 s, respectively. For the foam
that was enhanced by XG and RHA NPs, also the XG concentration of
0.3 wt% showed the highest stability with a decay time of 3000 s that
was higher than the measured values for the XG concentrations of 0.1
and 0.5 wt%, 1200 and 2700 s, respectively. Adding XG to the surfac-
tant solution increases its viscosity and lamellae thickness, which in
turn decreases the rate of the liquid drainage from the foam structure.
Therefore, using an optimum XG concentration, 0.3 wt%, improves the
foam stability and reduces the rate of foam coalescence. For the XG
concentration of 0.1 wt%, the viscosity of surfactant solution is too low
to slow down the rate of the liquid drainage from the lamellae. On the
other hand, at the XG concentration of 0.5 wt%, liquid solution be-
comes too dense in which a large gravity force is exerted on the liquid
film that accelerates the rate of the liquid drainage i.e. the gravity force
becomes dominant over the viscous force, and hence it expedites the
rate of foam coalescence.

In the presence of nanoparticles and polymer, a larger area of the
gas-liquid interface is covered by these additives in addition to the
surfactant molecules, therefore, it has stronger molecular interaction/
adhesion forces, which help to increase the foam life and thus the foam
stability. The foam stability will be affected by bubbles disappearance
(foam coarsening) as shown in Fig. 15, due to the pressure difference
between bubbles [56]. The small bubbles start to disappear, as the gas

starts to diffuse into the bigger bubbles through the liquid film, and
bigger bubbles will be grown, in which they eventually coalescence and
rupture the foam structure. Von Neumann’s study on 2D foam bubbles
[57] demonstrated that the time evaluation of a 2D bubble is a function
of the number of the sides in each bubble. The bubbles with 6 sides and
more start to expand, whereas for the bubbles with less than 6 sides,
they rapidly shrink and completely vanish as shown in Fig. 15. That is
because these bubbles start to diffuse to other bubbles through the thin
film to grow the neighbouring bubbles.

Addition of AG to the surfactant solution with nanoparticles de-
monstrated relatively low foam stability compare to XG as shown in
Fig. 16, this is due to the difference in the molecular weight of the
polymers. AG has an average molecular weight of 1.0 million g/mol
which is three times lower than XG’s molecular weight (3.2 million g/
mol). The higher molecular weight increases the viscosity of the solu-
tion, which increases the disjoining pressure between the gas and liquid
phases in the lamellae, that controls the foam stability [58]. In the
solution of XG polymer, viscosity is high enough to generate thick la-
mellae, which makes the disjoining pressure positive and hence in-
creases the foam stability. The generated foam with nanoparticles and
AG polymer has thinner lamellae compare to the foam generated with
nanoparticles and XG, as shown in Fig. 17. Using XG polymer increased
the lamella thickness from 59 μm (in the absence of nanoparticles and
polymer) to 188 μm and 134 μm in the presence of SiO2 and RHA NPs,
respectively, and when AG was used lamella thickness reached to

Fig. 7. Viscosity of xanthan gum solution with different additives as a function of shear rate at 85 °C.

Fig. 8. Viscosity of acacia gum solution with different additives as a function of shear rate at 85 °C.

Fig. 9. Normalized foam height from column test and bottle test with AOS
concentration of 0.5 wt%.
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Fig. 10. Bubble-size distribution after 5 min for 0.5 wt% of AOS from (a) column test, (b) bottle test.

Fig. 11. AOS bulk foam stability with and without NaCl at different temperature conditions.

Fig. 12. Foam stability with 0.5 wt% AOS and 2.0 wt% NaCl at 85 °C and different. concentrations of silica nanoparticles (a) SiO2 (Bashir et al. [46])NPs, (b) RHA
NPs.
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117 μm and 100 μm in the presence of SiO2 and RHA NPs, respectively.
The difference between the lamella thickness enhancements for two
polymers is due to the viscosity of solutions of XG and AG polymers.
The viscosity of the AG solution was not high enough to sustain thick
lamellae for a long period compared to the viscosity of the XG solution,
therefore, the solution with AG showed a lower foam stability.

3.6. Nanoparticles/xanthan gum polymer-stabilized foam in the presence of
oil

The application of foam for enhanced oil recovery processes is
strongly affected by the foam stability in the presence of reservoir hy-
drocarbons (oil phase). Reservoir hydrocarbons can flow in the liquid
films of the injected foam in the form of emulsions or continuous phase
[59,60]. Therefore, the interaction of foam with reservoirs hydro-
carbons should be determined before introducing foams as an enhanced
oil recovery process. To study these effects, three oil fractions (5, 10 &

Fig. 13. Foam half-life time for different types and concentrations of nanoparticles with 0.5 wt% AOS and 2.0 wt% NaCl at 85 ℃.

Fig. 14. Foam stability at 0.5 wt% of AOS, 2.0 wt% NaCl in the presence of different concentrations of xanthan gum at 85 °C and different nanoparticles, (a) SiO2

(Bashir et al. [46]), (b) RHA.

Fig. 15. A 2D images of foam bubbles coarsening by time. The foam was generated by 0.5 wt% of AOS, 2.0 wt% NaCl, 0.2 wt% SiO2 NPs and 0.3 wt% XG at 85 °C, and
the black circles indicate the merging of small bubbles into larger ones, i.e., coarsening bubbles.

Fig. 16. Foam stability at 0.5 wt% of AOS, 2.0 wt% NaCl in the presence of different concentrations of acacia gum at 85 °C and different nanoparticles, (a) SiO2, (b)
RHA.
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15 vol%, volume fraction relative to the total solution volume) were
used with the optimum concentrations of nanoparticles (0.2 wt%) and
XG polymer (0.3 wt%). The required volume of oil was added to the test
chamber after it was filled with the prepared AOS solution and ad-
ditives at 85 °C. Fig. 18 shows the foam stability in the presence of oil
for SiO2/ RHA NPs with XG polymer. The foam stability was slightly
affected by addition of oil up to 10.0 vol% in both nanoparticle-based
foams, and it was sharply decreased when 15.0 vol% oil was added.
Furthermore, both nanoparticles with XG polymer improved the CO2-
foam stability, with a better performance in the presence of SiO2 NPs.

The NPs accumulated at the gas-liquid interface reduced the inter-
facial area between the liquid and gas (increased the lamella thickness),
and polymers improved the viscosity of the liquid in the lamellae which
led to a decrease in the drainage rate from them. Therefore, when the
oil was added to the AOS solution, it could not drainage the viscous
liquid from the lamellae. Consequently, the oil was mixed with the
viscous liquid, and flowed within the viscous lamellae as stable

emulsified droplets, without entering or penetrating the gas-liquid in-
terface as shown in Fig. 19a. However, in the absence of additives, the
oil was mixed with the AOS solution and created large oil emulsions
inside the foam lamellae, which could merge into each other and be-
come larger droplets (no viscous liquid in lamella to prevent the coa-
lescence of the oil droplets leading to large droplets). Therefore, due to
the imbalance of gravity (density difference between two phases) and
capillary forces, the rate of liquid drainage was faster than the oil phase.
Furthermore, the coalesced oil droplets started to spread over the la-
mella surface leading to the drainage of the surfactant from the lamella,
thus the stable gas-liquid interface was replaced by the unstable oil-gas
interface as shown in Fig. 19b. Hence through this process oil can ra-
pidly reduce the lamella thickness and rupture the foam lamella. The
process of foam lamella stability in the presence of oil is animated in
Fig. 20. Also, this can be visualized in the provided video file that shows
the oil phase can flow as stable emulsions or they can rupture the foam
structure as coalesced droplets, depending on the type of the solution.

Fig. 17. Average foam lamella thickness for the optimum concentrations of nanoparticles and polymers at 85 °C (after 5min of foam generation).

Fig. 18. Foam stability at 0.5 wt% AOS, 2.0 wt% NaCl, and 0.3 wt% XG in the presence of different concentrations of oil at 85 °C and different nanoparticles, (a) SiO2

NPs (Bashir et al [46]), (b) RHA NPs.

Fig. 19. Entering and spreading of oil at the foam lamellae in the, (a) presence of SiO2 NPs and XG polymer, (b) absence of SiO2 NPs and XG polymer. A video in. avi
format is provided comparing the drainage of foam lamellae in the presence of oil phase.
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From Fig. 21, the foam half-life time in the presence of SiO2 NPs was
slightly decreased from 1300 s (half-life time of the foam with XG) to
1160 s (11.0% decrease) and 900 s (30.0% decrease) in the presence of
5.0 vol% and 10.0 vol% oil, respectively. In the presence of RHA NPs,
the half-life time decreased from 1200 s (half-life time of foam with XG)
to 975 and 750 s in the presence of 5.0 vol% and 10.0 vol% oil, re-
spectively. Furthermore, for 15.0 vol% of oil, the half-life time and
stability were sharply decreased to 400 s (69.0% decrease) for SiO2 NPs
based foam, and 300 s (75.0% decrease) for RHA NPs based foam. As
the oil fraction increases, the oil spreads and enters the lamellae that
causes an instability in the bubble structures, faster liquid drainage
from the lamellae, and decreases the foam life.

Similarly, using proper additives in the foam structure can improve
the foam texture in the presence of oil as shown in Fig. 22. The average
bubbles diameter was reduced from 2200 μm (in the absence of ad-
ditives) to 320 μm (in the presence of additives). in the presence of SiO2

NPS and XG polymer (Fig. 22a), the rate of liquid drainage was de-
creased, and the oil was able to flow in the form of emulsified droplets
through the lamellae, without interrupting the gas-liquid interface.
Therefore, small bubbles with spherical shapes and considerable la-
mellae thickness were created, resulting in an increase in the foam
stability. However, in the absence of the nanoparticles and polymer

(Fig. 22b), the oil could rapidly drain all the liquid surfactant from the
lamellae. This led to creation of big bubbles with polyhedral shapes,
thus bubbles rapidly ruptured and coalesced.

4. Conclusions

In this study, the improvement of the CO2-foam stability at high
temperature and salinity conditions, in the presence of oil phase, was
investigated. The focus of this investigation was on the ability of na-
noparticles (SiO2 and RHA NPs) and polymers (XG and AG) to increase
the foam life by using a standard bottle test. The results provide us with
a better understating of their potential applications in improving
rheological properties of surfactant solutions and foams.

Addition of SiO2 or RHA NPs can increase the CO2-foam stability
and half-life time at 85 °C and 2.0 wt% NaCl, with an optimum con-
centration of 0.2 wt% for both SiO2 and RHA NPs.

Furthermore, using xanthan gum and acacia gum with nanoparticles
improved the foam stability to a higher level, and increased the lamella
thickness by enhancing the liquid viscosity.

Even though, RHA NPs showed inferior performance compared to
SiO2 NPs, they can be used as an additive to improve the foam stability
in high temperature and salinity conditions, as they are economically

Fig. 20. A schematic diagram of the foam lamella stability in the presence of oil and (a) in the presence of SiO2 Nanoparticles and XG polymer, (b) in the absence of
additives.

Fig. 21. Foam half-life time of 0.5 wt% AOS, 2.0 wt% NaCl, 0.3 wt% Xanthan gum, for different oil fractions at 85 °C.
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cost-effective materials. However, further studies are recommended to
decrease the particles sizes to a lower value to improve their perfor-
mance in foam stability applications. One of the main challenges of
foams is their stability in the presence of oil phase. In our study we
demonstrated that CO2-foam can show a better stability in the presence
of oil when the optimum concentrations of SiO2/RHA NPs (0.2 wt %)
and xanthan gum (0.3 wt %) were added. The stability of the CO2-foam
with these additives was decreased insignificantly, when it was exposed
to 5 vol% and 10 vol% of the oil, and the foam was sharply coalesced
when the oil volume increased to 15 vol%. This sharp coalescence
happened at the oil concentration of 5 vol% when the surfactant was
used with no additives. This shows that using optimum concentrations
of additives can enhance the stability of the foam structure at high
temperature conditions.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the Research Grant by the
Carnegie Trust for the Universities of Scotland to support this study
(RIG70732). They also acknowledge the School of Engineering at the
University of Aberdeen for providing the required facilities to complete
this research. Ahmed Bashir would like to thank the Faculty of
Engineering University of Khartoum, Sudan for the financial support of
his studies at the University of Aberdeen.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfa.2019.123875.

References

[1] L.W. Lake, Enhanced Oil Recovery, (1989).
[2] S. Lee, S.I. Kam, Enhanced oil recovery by using CO2 foams: fundamentals and field

applications, Enhanced Oil Recovery Field Case Studies, Gulf Professional
Publishing, 2013, pp. 23–61.

[3] S. Kokal, A. Al-Kaabi, Enhanced Oil Recovery: Challenges & Opportunities, World
Petroleum Council: Official Publication, 2010, p. 64.

[4] M.M. Sharma, T.F. Yen, G.V. Chilingarian, E.C. Donaldson, Some Chemical and
Physical Problems in Enhanced Oil Recovery Operations, Developments in
Petroleum Science Vol. 17 Elsevier, 1985, pp. 223–249.

[5] R.T. Johns, B. Dindoruk, Enhanced Oil Recovery Field Case Studies: Chapter 1 Gas
Flooding, Elsevier Inc. Chapters, 2013.

[6] R. Farajzadeh, A. Andrianov, R. Krastev, G.J. Hirasaki, W.R. Rossen, Foam–oil in-
teraction in porous media: implications for foam assisted enhanced oil recovery,
Adv. Colloid Interface Sci. 183 (2012) 1–13.

[7] A.S. Emrani, H.A. Nasr-El-Din, Stabilizing CO2-foam using nanoparticles, SPE
European Formation Damage Conference and Exhibition. Society of Petroleum
Engineers, (2015, June).

[8] F. AttarHamed, M. Zoveidavianpoor, M. Jalilavi, The incorporation of silica nano-
particle and alpha olefin sulphonate in aqueous CO2 foam: investigation of foaming
behavior and synergistic effect, Pet. Sci. Technol. 32 (21) (2014) 2549–2558.

[9] A. Sharifi Haddad, I. Gates, CO2-based heavy oil recovery processes for post-CHOPS
reservoirs, J. CO2 Util. 19 (2017) 238–246.

[10] Y. Zhang, Y. Wang, F. Xue, Y. Wang, B. Ren, L. Zhang, S. Ren, CO2 foam flooding for
improved oil recovery: reservoir simulation models and influencing factors, J. Pet.
Sci. Eng. 133 (2015) 838–850.

[11] 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.

[12] J.K. Borchardt, D.B. Bright, M.K. Dickson, S.L. Wellington, Surfactants for CO2 foam
flooding, January, SPE Annual Technical Conference and Exhibition. Society of
Petroleum Engineers, (1985).

[13] S. Ahmed, K.A. Elraies, I.M. Tan, M.R. Hashmet, Experimental investigation of as-
sociative polymer performance for CO2 foam enhanced oil recovery, J. Pet. Sci. Eng.
157 (2017) 971–979.

[14] A.D. Nikolov, D.T. Wasan, D.W. Huang, D.A. Edwards, The effect of oil on foam
stability: mechanisms and implications for oil displacement by foam in porous
media, January, SPE Annual Technical Conference and Exhibition. Society of
Petroleum Engineers, (1986).

[15] S.A. Farzaneh, M. Sohrabi, A review of the status of foam application in enhanced
oil recovery, June, EAGE Annual Conference & Exhibition Incorporating SPE
Europec. Society of Petroleum Engineers, (2013).

[16] K. Koczo, L.A. Lobo, D.T. Wasan, Effect of oil on foam stability: aqueous foams
stabilized by emulsions, J. Colloid Interface Sci. 150 (2) (1992) 492–506.

[17] L.L. Schramm, J.J. Novosad, Micro-visualization of foam interactions with a crude

Fig. 22. Effect of oil on the bubbles size distribution after 5min in the (a) presence of SiO2 NPS and XG polymer, (b) absence of nanoparticles and polymer.

A. Bashir, et al. Colloids and Surfaces A 582 (2019) 123875

12

https://doi.org/10.1016/j.colsurfa.2019.123875
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0005
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0010
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0010
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0010
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0015
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0015
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0020
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0020
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0020
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0025
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0025
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0030
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0030
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0030
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0035
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0035
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0035
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0040
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0040
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0040
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0045
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0045
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0050
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0050
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0050
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0055
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0055
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0055
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0055
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0060
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0060
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0060
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0065
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0065
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0065
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0070
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0070
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0070
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0070
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0075
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0075
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0075
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0080
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0080
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0085


oil, Colloids Surf. 46 (1) (1990) 21–43.
[18] I. Kim, A.J. Worthen, K.P. Johnston, D.A. DiCarlo, C. Huh, Size-dependent prop-

erties of silica nanoparticles for Pickering stabilization of emulsions and foams, J.
Nanoparticle Res. 18 (4) (2016) 82.

[19] N.V. Boyou, I. Ismail, W.R.W. Sulaiman, A. Sharifi Haddad, N. Husein, H.T. Hui,
K. Nadaraja, Experimental investigation of hole cleaning in directional drilling by
using nano-enhanced water-based drilling fluids, J. Pet. Sci. Eng. 176 (2019)
220–231.

[20] R. Rafati, S.R. Smith, A. Sharifi Haddad, R. Novara, H. Hamidi, Effect of nano-
particles on the modifications of drilling fluids properties: a review of recent ad-
vances, J. Pet. Sci. Eng. 161 (2018) 61–76.

[21] R. Rafati, A. Sharifi Haddad, H. Hamidi, Experimental study on stability and
rheological properties of aqueous foam in the presence of reservoir natural solid
particles, Colloids Surf. A Physicochem. Eng. Asp. 509 (2016) 19–31.

[22] T. Zhang, M. Roberts, S.L. Bryant, C. Huh, Foams and emulsions stabilized with
nanoparticles for potential conformance control applications, January, SPE
International Symposium on Oilfield Chemistry. Society of Petroleum Engineers,
(2009).

[23] B. Aminzadeh-goharrizi, D.A. DiCarlo, D. Hyun Chung, M. Roberts, S.L. Bryant,
C. Huh, Effect of spontaneous formation of nanoparticle stabilized emulsion on the
stability of a displacement, January, SPE Improved Oil Recovery Symposium.
Society of Petroleum Engineers, (2012).

[24] D.A. Espinoza, F.M. Caldelas, K.P. Johnston, S.L. Bryant, C. Huh, Nanoparticle-
stabilized supercritical CO2 foams for potential mobility control applications,
January, SPE Improved Oil Recovery Symposium. Society of Petroleum Engineers,
(2010).

[25] M.A. Manan, S. Farad, A. Piroozian, M.J.A. Esmail, Effects of nanoparticle types on
carbon dioxide foam flooding in enhanced oil recovery, Pet. Sci. Technol. 33 (12)
(2015) 1286–1294.

[26] P.M. Kruglyakov, S.I. Elaneva, N.G. Vilkova, About mechanism of foam stabilization
by solid particles, Adv. Colloid Interface Sci. 165 (2) (2011) 108–116.

[27] R. Singh, K.K. Mohanty, Synergy between nanoparticles and surfactants in stabi-
lizing foams for oil recovery, Energy Fuels 29 (2) (2015) 467–479.

[28] T.S. Horozov, Foams and foam films stabilised by solid particles, Curr. Opin. Colloid
Interface Sci. 13 (3) (2008) 134–140.

[29] S. Alzobaidi, M. Lotfollahi, I. Kim, K.P. Johnston, D.A. DiCarlo, Carbon dioxide-in-
brine foams at high temperatures and extreme salinities stabilized with silica na-
noparticles, Energy Fuels 31 (10) (2017) 10680–10690.

[30] T. Zhang, D. Espinosa, K.Y. Yoon, A.R. Rahmani, H. Yu, F.M. Caldelas, S. Ryoo,
M. Roberts, M. Prodanovic, K.P. Johnston, T.E. Milner, Engineered nanoparticles as
harsh-condition emulsion and foam stabilizers and as novel sensors, January,
Offshore Technology Conference. Offshore Technology Conference, (2011).

[31] F. Guo, S. Aryana, An experimental investigation of nanoparticle-stabilized CO2

foam used in enhanced oil recovery, Fuel 186 (2016) 430–442.
[32] B. Singh, Rice husk ash, Waste Suppl. Cem. Mater. Concr. (2018), pp. 417–460.
[33] C.K. Jie, M.Z. Jaafar, W.R.W. Sulaiman, Foam stability performance enhanced with

rice husk ash nanoparticles, J. Teknol. 81 (4) (2019).
[34] R. Singh, A. Gupta, K.K. Mohanty, C. Huh, D. Lee, H. Cho, Fly ash nanoparticle-

stabilized CO2-in-water foams for gas mobility control applications, September, SPE
Annual Technical Conference and Exhibition. Society of Petroleum Engineers,
(2015).

[35] A.A. Eftekhari, R. Krastev, R. Farajzadeh, Foam stabilized by fly ash nanoparticles
for enhancing oil recovery, Ind. Eng. Chem. Res. 54 (50) (2015) 12482–12491.

[36] X. Dong, H. Liu, J. Hou, G. Liu, Z. Chen, Polymer-enhanced foam PEF injection
technique to enhance the oil recovery for the post polymer-flooding reservoir, May,
SPE Western Regional Meeting. Society of Petroleum Engineers, (2016).

[37] R. Petkova, S. Tcholakova, N.D. Denkov, Foaming and foam stability for mixed
polymer–surfactant solutions: effects of surfactant type and polymer charge,
Langmuir 28 (11) (2012) 4996–5009.

[38] S.O. Onuoha, O.A. Olafuyi, Alkali/surfactant/polymer flooding using gum arabic; A
comparative analysis, August, SPE Nigeria Annual International Conference and
Exhibition. Society of Petroleum Engineers, (2013).

[39] B. Joseph-Igbor, O.D. Orodu, R.O. Afolabi, Evaluating the oil mobilization

properties of nanoparticles treated with arabic gum and xanthan gum for trapped
oil in porous media, August, SPE Nigeria Annual International Conference and
Exhibition. Society of Petroleum Engineers, (2016).

[40] J. Avwioroko, O. Taiwo, I. Mohammed, J. Dala, O. Olafuyi, A laboratory study of
ASP flooding on mixed wettability for heavy oil recovery using gum arabic as a
polymer, August, Spe Nigeria Annual International Conference and Exhibition.
Society of Petroleum Engineers, (2014).

[41] U. Solomon, T. Oluwaseun, O. Olalekan, Alkaline-surfactant-polymer flooding for
heavy oil recovery from strongly water wet cores using sodium hydroxide, lauryl
sulphate, shell enordet 0242, gum arabic and xanthan gum, August, SPE Nigeria
Annual International Conference and Exhibition. Society of Petroleum Engineers,
(2015).

[42] A.S. Emrani, A.F. Ibrahim, H.A. Nasr-El-Din, Mobility control using nanoparticle-
stabilized CO2foam as a hydraulic fracturing fluid, June, SPE Europec Featured at
79th EAGE Conference and Exhibition. Society of Petroleum Engineers, (2017).

[43] N. Kalyanaraman, C. Arnold, A. Gupta, J.S. Tsau, R.B. Ghahfarokhi, Stability im-
provement of CO2 foam for enhanced oil‐recovery applications using polyelec-
trolytes and polyelectrolyte complex nanoparticles, J. Appl. Polym. Sci. 134 (6)
(2017).

[44] R. Mondragon, J.E. Julia, A. Barba, J.C. Jarque, Characterization of silica–water
nanofluids dispersed with an ultrasound probe: a study of their physical properties
and stability, Powder Technol. 224 (2012) 138–146.

[45] Y. Chen, A.S. Elhag, B.M. Poon, L. Cui, K. Ma, S.Y. Liao, P.P. Reddy, A.J. Worthen,
G.J. Hirasaki, Q.P. Nguyen, S.L. Biswal, Switchable nonionic to cationic ethoxylated
amine surfactants for CO2 enhanced oil recovery in high-temperature, high-salinity
carbonate reservoirs, SPE J. 19 (2) (2014) 249–259.

[46] A. Bashir, A. Sharifi Haddad, R. Rafati, Experimental investigation of nanoparticles/
polymer enhanced CO2-foam in the presence of hydrocarbon at high-temperature
conditions, December, SPE International Heavy Oil Conference and Exhibition.
Society of Petroleum Engineers, (2018).

[47] M.K. Sharma, D.O. Shah, W.E. Brigham, The influence of temperature on surface
and microscopic properties of surfactant solutions in relation to fluid displacement
efficiency in porous media, AIChE J. 31 (2) (1985) 222–228.

[48] Z. Ye, F. Zhang, L. Han, P. Luo, J. Yang, H. Chen, The effect of temperature on the
interfacial tension between crude oil and gemini surfactant solution, Colloids Surf.
A Physicochem. Eng. Asp. 322 (1–3) (2008) 138–141.

[49] L.I. Osipow, Surface Chemistry. Theory and Industrial Applications, (1962).
[50] K. Giribabu, M.L.N. Reddy, P. Ghosh, Coalescence of air bubbles in surfactant so-

lutions: role of salts containing mono-, di-, and trivalent ions, Chem. Eng. Commun.
195 (3) (2007) 336–351.

[51] M.R. Behera, S.R. Varade, P. Ghosh, P. Paul, A.S. Negi, Foaming in micellar solu-
tions: effects of surfactant, salt, and oil concentrations, Ind. Eng. Chem. Res. 53 (48)
(2014) 18497–18507.

[52] B. Kronberg, K. Holmberg, B. Lindman, Surface Chemistry of Surfactants and
Polymers, John Wiley & Sons, 2014.

[53] Z.A. AlYousef, M.A. Almobarky, D.S. Schechter, The effect of nanoparticle ag-
gregation on surfactant foam stability, J. Colloid Interface Sci. 511 (2018) 365–373.

[54] A. Stocco, E. Rio, B.P. Binks, D. Langevin, Aqueous foams stabilized solely by
particles, Soft Matter 7 (4) (2011) 1260–1267.

[55] B.P. Nita, H. Sharanagouda, Rice husk and its applications: review, Int. J. Curr.
Microbiol. Appl. Sci. 6 (2017) 1144–1156.

[56] A. Saint-Jalmes, Physical chemistry in foam drainage and coarsening, Soft Matter 2
(10) (2006) 836–849.

[57] J. Von Neumann, Discussion: Shape of Metal Grains Met. Interfaces, (1952), p. 108.
[58] K. Osei-Bonsu, N. Shokri, P. Grassia, Foam stability in the presence and absence of

hydrocarbons: from bubble-to bulk-scale, Colloids Surf. A Physicochem. Eng. Asp.
481 (2015) 514–526.

[59] W.D. Harkins, A general thermodynamic theory of the spreading of liquids to form
duplex films and of liquids or solids to form monolayers, J. Chem. Phys. 9 (7)
(1941) 552–568.

[60] S. Ross, J.W. McBain, Inhibition of foaming in solvents containing known foamers,
Ind. Eng. Chem. 36 (6) (1944) 570–573.

A. Bashir, et al. Colloids and Surfaces A 582 (2019) 123875

13

http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0085
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0090
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0090
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0090
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0095
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0095
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0095
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0095
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0100
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0100
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0100
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0105
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0105
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0105
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0110
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0110
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0110
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0110
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0115
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0115
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0115
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0115
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0120
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0120
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0120
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0120
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0125
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0125
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0125
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0130
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0130
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0135
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0135
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0140
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0140
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0145
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0145
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0145
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0150
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0150
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0150
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0150
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0155
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0155
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0160
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0165
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0165
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0170
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0170
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0170
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0170
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0175
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0175
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0180
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0180
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0180
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0185
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0185
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0185
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0190
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0190
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0190
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0195
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0195
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0195
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0195
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0200
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0200
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0200
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0200
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0205
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0205
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0205
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0205
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0205
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0210
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0210
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0210
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0215
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0215
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0215
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0215
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0220
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0220
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0220
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0225
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0225
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0225
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0225
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0230
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0230
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0230
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0230
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0235
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0235
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0235
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0240
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0240
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0240
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0245
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0250
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0250
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0250
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0255
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0255
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0255
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0260
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0260
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0265
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0265
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0270
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0270
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0275
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0275
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0280
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0280
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0285
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0290
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0290
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0290
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0295
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0295
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0295
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0300
http://refhub.elsevier.com/S0927-7757(19)30863-5/sbref0300

	Nanoparticle/polymer-enhanced alpha olefin sulfonate solution for foam generation in the presence of oil phase at high temperature conditions
	Introduction
	Experimental setup and procedure
	Materials
	Sample preparation
	Surface tension and viscosity
	Bulk foam stability test

	Results and discussion
	Surfactant concentrations and the CMC value
	Surfactant viscosity measurement
	Bulk foam stability
	Nanoparticle-stabilized CO2-foam
	Nanoparticle/polymer-stabilized CO2-foam
	Nanoparticles/xanthan gum polymer-stabilized foam in the presence of oil

	Conclusions
	mk:H1_15
	Acknowledgements
	Supplementary data
	References




