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The stability of CO2-foam stabilized via the synergy of nanoparticles and surfactants at downhole condi-
tions is strongly affected by different process parameters such as temperature, CO2 state, nanoparticles
concentration, as well as resident brine and oil in the reservoir. Influence of critical parameters on static
and dynamic stability of nanoparticles-surfactant stabilized CO2-foam at sub-critical and super-critical
conditions was investigated in this study. Firstly, extensive static and dynamic foam stability experi-
ments were conducted at 80 �C and presence of 30 vol% hexadecane oil using formulation turbiscan, to
screen different surfactants and nanoparticles. The best performing nanoparticles and surfactant were
then selected at the screening stage for further foam stability tests to compare the performance of CO2

foam at sub-critical and super-critical conditions. The foam stabilized by SiO2 and sodium dodecyl sulfate
(SDS) demonstrated consistent static and dynamic stability, with least spreading coefficient (-5.28 mN/
m) and favourable Lamellae number (0.71). Increasing nanoparticles concentration increased the stability
of sub-critical CO2 foam whereas an optimum nanoparticles concentration for maximum stability of the
supercritical CO2 foam was obtained as 0.5 wt% SiO2. The static stability of sub-critical and supercritical
CO2 foam increased with increased sodium chloride (NaCl) concentrations until 2 wt%. However, the
super-critical CO2 foam demonstrated increasing pressure drop and lowest reduction in mobility with
increasing NaCl concentration until 10 wt%. Highly durable foams were generated when oil with high vis-
cosity, high density and high molecular weight oil was added into the foaming dispersions. Mechanistic
investigation of foam stabilization revealed that thickness of pseudo-emulsion films, as well as particles
adsorption and orientation at gas–liquid and liquid–liquid interface, are key controlling parameters of
foam static and dynamic stability in presence of oil, brine and at high temperature.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Nearly 60% of original oil in place is trapped in reservoir after
primary and secondary recovery processes due to undesirable rock
and fluid properties, as well as reservoir heterogeneity [1].
Enhanced oil recovery (EOR) methods like thermal injection, chem-
ical injection, and gas injection are used for the recovery of the
remaining oil in the reservoir. Gas injection remains one of the
most versatile and commonly utilised technologies with contribu-
tion of almost 40% to the worldwide hydrocarbon recovery [2]. The
injection of CO2 gas into hydrocarbon reservoir provides an innova-
tive solution for mobilization of trapped hydrocarbon, as well as
reduction of anthropogenic greenhouse gases emission. The high
miscibility of CO2 with the resident oil at the minimum miscibility
pressure promotes hydrocarbon recovery through oil-viscosity and
oil–water interfacial tension reduction. Thus, the oil hitherto
trapped by capillary forces become a mobile phase.

But, CO2 gas has higher mobility, lower density and its viscosity
is lower than that of reservoir resident brine and oil, leading to
gravity override and viscous fingering during CO2 gas injection.
Reservoir heterogeneity causes the injected fluid to flow into the
higher permeability layer, bypassing the trapped oil at low perme-
able zone. CO2 foamed injection has been proposed as a method of
CO2 gas mobility reduction. Laboratory experimental results
showed that injected fluids can be successfully diverted to recover
the trapped hydrocarbon in low permeable region of heterogenous
reservoirs by foam, suggesting that gravity segregation, viscous
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fingering, and premature gas breakthrough usually associated with
CO2 gas flooding EOR, could be abated through CO2 foam injection
[3,4].

Surface-active agents are required for successful foam genera-
tion and stability. Feasibility of durable foam generation using
polymers, surfactants and ionic liquids have been demonstrated
in previous studies [5–15]. Results showed that the thermodynam-
ically unstable foam could become kinetically stable due to the
aggregation of the adsorbed molecules at thin-liquid films [2].
But the field application of the conventional foams has not been
very successful. The thin liquid films become highly unstable at
elevated temperature, pressure and extreme brine salinities. Foams
that were stable for hours in the laboratory conditions could col-
lapse within seconds on interaction with resident oil and brines
at downhole conditions. Coupled with these challenges, are forma-
tion damage from the higher molecular weight polymers of
polymer-enhanced foam, as well as the significant loss of surfac-
tants molecules due to their retentions in porous formation, asso-
ciated with surfactant-stabilized foam [16,17].

Due to the limitations of the conventional foams, significant
attentions have been focused within the last two decades on foam
stabilization through the synergy of nanoparticles and surfactant
[5,18]. Nanoparticles were found to be irreversibly adsorbed at
the foam lamellae because of their superior adhesion interfacial
energy [19], resulting in generation of durable foams with high ini-
tial foamability and long-time stability. Significant reduction in
water–oil interfacial tension by nanoparticles-surfactant complex
reduces the capillary pressure for stable lamellae generation at
pore throats. It is hypothesized that foam stabilization via the syn-
ergy of nanoparticles and surfactants could result in breakthrough
in prospective field applications of foam for EOR purposes.

Bayat et al. [20] examined the impact of silicon dioxide (SiO2),
copper oxide (CuO), aluminium oxide (Al2O3), and titanium dioxide
(TiO2) nanoparticles on CO2-foam stability. The nanoparticles con-
centration required for achieving the most durable static foam was
identified as 0.008 wt% while the highest oil recovery (71.7%) from
quartz sand porous media was achieved by nanosilica-stabilized
CO2-foam. However, the bulk screening stability experiments for
the different types of nanoparticles were conducted in absence of
oil, and at low temperature not representative of reservoir condi-
tions. Emrani and Nasr-El-Din [21] found that Fe2O3 and SiO2

nanoparticles presence in guar-gum and alpha olefin sulfonate
solutions significantly improved the CO2 foam stability. But, the
stability of the CO2 foam at sub-critical and supercritical conditions
was not compared in their studies.

Srivastava et al. [22] examined the impact of polymers and
nanosilica on the durability of sodium dodecylbenzene sulfonate
(SDBS)-generated foam in aqueous media, consisting of 50% each
of liquid paraffin and water. Results of their experiments indicated
that the adsorption of the foam stabilizing agent at gas/liquid and
liquid–liquid interface is essential for ensuring foam stability in oil
presence. Pal et al. [23] demonstrated that durable viscoelastic
foam, with pseudoplastic flow properties can be produced via the
synergy of Gemini surfactant and nanoparticles (nanosilica and
boron nitride nanoparticles). Srivastava et al. [22] and Pal et al.
[23] experiments were limited to static stability and foam rheol-
ogy. Foam stability at dynamic conditions were not extensively
investigated.

Kang et al. [24] recently conducted microscopic and sand
packed experiments. They reported that the synergy of SiO2

nanoparticles and surfactant (nonionic-anionic mixtures) can pro-
duce durable foam at 85℃ in presence of 60,000 mg/L formation
water, that can control the mobility of CO2 foam in Changqing Oil-
field. Ahmed et al. [25] also recently examined supercritical CO2
2

foam rheological properties at varying temperature, foam qualities
and pressure. Yang et al. [19] studied the application of synergy of
nanoparticles and lauryl alcohol polyoxyethylene ether (C12E23) for
CO2 foam stabilization via static stability experiments, pore-scale
visualization in micromodels and sandpack flooding experiments.
The nanoparticles-C12E23 demonstrated high salinity and tempera-
ture tolerance, with superior profile control and water blocking
impacts, enhancing the recovery factor of oil by 20.1% after water
flooding. These recent research were limited to either one type of
nanoparticles or surfactants. Static and dynamic experiments for
evaluating the performance of different nanoparticles and surfac-
tants on CO2 foam stabilization at subcritical and supercritical con-
ditions have not been comprehensively conducted.

Despite the previous investigations of the influence of different
factors on stability and mobility control of nanoparticles-
surfactant stabilized foam, optimal conditions for attaining maxi-
mum foam generation and stability is not yet clear. Performance
of nanoparticles-surfactant stabilized CO2 foam at harsh reservoir
conditions of high temperature, salinity and presence of oil require
further extensive studies. In most of the previous studies, the best
performing nanoparticles/surfactants are selected at the screening
stage before conducting further foam stability tests through static
stability experiments conducted at room condition and absence of
oil. At realistic reservoir conditions, stable foams are expected to be
generated in presence of high proportion of water to oil at elevated
temperature.

Nanoparticles/surfactants screening experiments conducted at
ambient conditions in absence of oil is not a true representation
of actual foam performance at downhole conditions. There is sig-
nificant difference in foam performance at ambient conditions,
and at high temperature and presence of high proportion of
water–oil ratio [22]. Until now, the conditions for the optimal gen-
eration and stability of nanoparticles-surfactant CO2 foam are not
clearly understood. CO2 can exist at subcritical and supercritical
condition, depending on the prevailing temperature and pressure.
CO2 behaves as gas at 273.15 K, and 14.5 psi but exist as supercrit-
ical fluid, adopting properties midway between gas and liquid, at
its critical temperature and pressure (31.0 �C, 1,070 psi). The stabil-
ity of CO2 foam at its supercritical conditions is essential for suc-
cessful field applications.

In this study, dynamic foam stability experiments were con-
ducted using formulation turbiscan at high temperature and pres-
ence of oil, to screen three different surfactants and five different
nanoparticles. The best performing nanoparticles and surfactant
were selected at the screening stage before conducting further
foam stability tests to compare the performance of CO2 foam at
sub-critical and super-critical conditions. Foam stability at the
screening stage were evaluated from turbiscan stability index,
backscattering and transmission profile, values of entering coeffi-
cient (E), spreading coefficient (S) and Lamella number (L). CO2

foam at sub-critical and super-critical conditions were compared
as a function of varying concentration of nanoparticles, oil types
and salinity. Stability was evaluated from normalize foam height,
microscopic images, as well as mobility reduction factor.

Formulation turbiscan used for dynamic foam stability screen-
ing experiments at high temperature and oil presence in this study
has numerous benefits. The stability can be monitored for longer
period at high temperature. The multiple light scattering detection
method permits separate investigation of different mechanisms
that influences foam/emulsion decay such as Oswald ripening, sed-
imentation, drainage, as well as coalescence in evaluating the foam
stability in water-liquid emulsions [31,32]. The techniques have
been applied for estimating dynamic foam stability in previous
research [26–30].
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2. Experimental

2.1. Materials

The triton X-100, cetyltrimethylammonium bromide, as well as
sodium dodecyl sulfate were the surfactants used for the experi-
ments. The TX 100, CTAB and SDS were bought from Merck Sdn.
Bhd, Across Organics, and Sigma-Aldrich Sdn. Bhd. Malaysia
respectively. They were more than 99% pure. Salinity effect on
foam stability was explored with sodium chloride (laboratory
grade) supplied by Merck Millipore. The carbon dioxide (more than
99% pure) for generating the foam was purchased from MMIG
(Mega Mount Industrial Gases) Sdn. Bhd. Malaysia. Influence of
oil on foam properties was studied with Normal hexadecane
(C16H34), decane (C10H22), paraffin and crude oil. The n-decane, n-
hexadecane, as well as paraffin oil was supplied by Sigma Aldrich,
while the crude oil is a West Lutong Crude from Sarawak oilfield,
Malaysia. Brookfield RST rheometer was used to determine the
oil viscosities while pycnometer and density meter was used to
measure the densities of the oil. The oil properties and the proper-
ties of the nanoparticles used for this research are shown in Table 1
and Table 2 respectively.
2.2. Methodology

2.2.1. Preparation of surfactant and nanoparticles-surfactant solutions
Solutions of solid surfactant samples were prepared via disper-

sion of the desired mass of the surfactant (in wt.%) into brine or
deionized water solutions. The brine solutions were prepared by
weighing the required grams of NaCl salts into the deionized
water. Magnetic stirrer and mixer were used for dispersing the
solid surfactant and salt in the brine/deionized water solutions.
Desired concentration of liquid surfactant (TX100 solutions) were
obtained from the dilutions of the standard solutions made from
stock solutions. For nanoparticles/surfactant dispersions, the pre-
ferred quantity of nanoparticles and surfactants were weighed
out in grams and dissolved into the brine/water solutions. Subse-
quently, the nanoparticles-surfactant solutions were magnetically
stirred for half an hour and sonicated using QSonica (model:
Q500 sonicator) operated at 500 W and 20 kHz frequency.
Table 1
Oil types, suppliers, viscosities and densities.

Oil types Suppliers viscosity Density

N-decane (C10H22) Sigma Aldrich Co., Ltd. 0.93 cp 0.73 g/cm3

N-hexadecane (C16H34) Sigma Aldrich Co., Ltd. 3.33 cp 0.77 g/cm3

paraffin oil Sigma Aldrich Co., Ltd. 21 cp 0.85 g/cm3

Crude oil West Lutong Crude 10 cp 0.83 g/cm3

Table 2
Nanoparticles types and properties.

Nanoparticles Suppliers

Titanium dioxide (TiO2) nanoparticles Sky Spring Inc. USA
Silicon dioxide (SiO2)

nanoparticles
US Research Nanomaterials Inc. USA

Copper (II) oxide (CuO) nanoparticles Sky Spring Inc. USA
Aluminium (Al2O3) oxide nanoparticles Sky Spring Inc. USA
Multi-walled carbon nanotubes Chengdu Organic Chemicals Co. Ltd. China

3

2.2.2. CO2 foam generation and stability at subcritical condition
The CO2 foam at subcritical condition was produced by dispers-

ing CO2 gas at flowrate of 0.05 ml/seconds via gas diffuser (100 mm
diameter) through foam column (with height 50 cm and internal
diameter of 5 cm) into the 100 ml foaming solution. The foam
was generated for 300 s and the top was covered instantly the
gas sparging was terminated to minimize the impact of environ-
mental humidity. The CO2 foamability and stability were charac-
terized by the optimum height attained in the foam column, and
the collapse rate of the foam after every 180 s. The foam stability
was estimated from plot of normalized height versus time
[14,33]. The normalized height is expressed as follows:

Normalized height ¼ Foam height at present time t
Initial foam height ðwhen t ¼ 0Þ ð1Þ
2.2.3. CO2 foamability and stability at supercritical condition
Schematic of the apparatus used for CO2 foam dynamic genera-

tion and stability experiments at supercritical condition is pre-
sented in Fig. 1. To generate the foam, the CO2 accumulator was
filled with the CO2 while the ISCO pump was loaded with aqueous
dispersion ensuring that there was no trapped air in the injection
line and ISCO pump cylinder. The CO2 was introduced to the sys-
tem via CO2 injection valve at constant injection rate of 6 ml/
min. The supercritical CO2 and the foaming dispersions are mixed
within the glass-bead packed column (GBPC) by a strong shearing
energy, forcing the adsorption of nanoparticles at the CO2-water
interface. The differential pressure transducer (Honeywell
STD770) connected to a measurement computing system, USB-
1608G data acquisition (DAQ), measured the pressure drop across
the GBPC. The pressure drop was recorded via the Lab VIEW
software.

The foam flowed into a quartz observation tube after leaving
the GBPC. The injection of CO2 into the system was sustained till
the breakthrough of CO2 in the view cell. The foam morphology
and stability with time were observed in the observation tube.
The entire flow line was coiled with heating tape that can increase
the temperature of the system up to 60 �C. The pressure was main-
tained at 1500 psig throughout the experiments. The foam image
in the view cell was captured with camera every 3 min interval
to record the foam collapse rate with time.

2.2.4. Foam dynamic stability evaluation through optical technique
The produced foam dynamic stability in presence of high vol-

ume of oil (30 wt% of normal (hexadecane oil) at 80 �C was charac-
terized with TURBISCAN Lab Expert Stability Analyser
(manufactured by Formulation, France) using dynamic light scat-
tering basis as shown in Fig. 2. The sample vials containing 50 ml
of generated foam at different concentrations were positioned in
the Formulation TURBISCAN for further analysis. The stability of
the foam was estimated from TSI (Turbiscan stability index),
backscattering and transmission profiles. Stability was monitored
Properties

Purity Specific SurfaceArea
(SSA)

Size

99.9% 200–240 m2/g 18 nm
99.5% 170–200 m2/g 5–20 nm

99% 20 m2/g 40 nm
>99% 38 m2/g 20 nm
>98% 350 m2/g length (0.5–2 lm), outer diameter (<8 nm)

and internal diameter (<2–5 nm)



Fig. 1. Pictorial representation of experimental set-up for evaluation of CO2 foam generation and stability at supercritical condition. The experimental set-up consists of (1)
ISCO pump (2) Swagelok valves (3) CO2 accumulator (4) Foaming solutions/brine accumulator (5) backpressure regulator (6) In-line filter (0.5 lm) (7) GBPC (8) Pressure
transducer (9) data acquisition system (10) View cell and (11) CO2 tank.

Fig. 2. Formulation TURBISCAN Working principle [39,40]
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for 12 h at 80 �C by samples scans at 880 nm every 120 s in the For-
mulation Turbiscan. The value of TSI increases with the increasing
bubbles coalescence and coarsening process. Higher TSI value sig-
nifies unstable system and lower foam stability.

The analyzer detect the BS as well as transmission light inten-
sity of a pulsed near infra-red-light source (k ¼ 880nmÞ (via) across
the sample. The principle is described in Fig. 2

BS � 1
ffiffiffiffiffiffi
kH

p ð2Þ

kHu; dÞ ¼ 2d
3u 1� gð ÞQs

ð3Þ

In Eq. (2), the mean free path of photon in the dispersed phase is
represented by kH, d is the particle diameter/size, the dispersion
phase volume concentration is u, Qs and g are the optical parame-
ters from Mie theory. Each scan of a particular measurement is
compared to the preceding one, on designated height, and the out-
come is divided by total height chosen, so as obtain a result that
4

does not depend on amount of measuring cell content. This princi-
ple is employed in calculation of TSI as expressed in Eq. (4) [34–38]

TSI ¼
P

hjscaniðhÞ � scani�1 hð Þj
H

ð4Þ

Where TSI: represents the Turbiscan Stability Index,
H : represents the total height of the sample from base of the

cell unto the meniscus),
h :is the selected height of the sample respectively.
scani�1 hð Þ : is intensity of the scanning light at time is i� 1; and

height;h.
i is the time from 1 to k,

k ¼ total time=scan speed ð5Þ
2.2.5. Analysis of the foam microscopic images
The characterization of the size distribution of foam, and the

thickness of the foam lamellas was conducted with Leica EZ4 HD
microscope. Micro-bubbles samples were placed on a microscope
slide and enclosed with microscope cover slip for bubbles and dro-
plet structural analysis under the microscope. The alterations of
the morphology of the generated bubbles and change in lamellae
thickness with time were inspected with Olympus IX53 micro-
scope. Confocal laser scanning microscopy Zeiss, (LSM 800) was
used for investigating the distributions of the nanoparticles in
the oil–water and gas–liquid interface. Three dimension and
Topography analysis of the micro-bubbles was conducted with
MMS version 7 (Mountain Map software).
2.2.6. Surface/Interfacial tension measurement
The measurement of water–gas, water–oil and the oil–gas inter-

facial tension surface and interfacial tension for calculation of
entering coefficient (E), spreading coefficient (S), and the lamellae
number (L) was conducted through Pendant drop method using
Krüss drop shape analyzer (DSA 25 and DSA 100) and spinning
drop interfacial tensiometer. The experimental details have been
reported in our previous studies [11, 13].
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3. Results and discussion

Successful application of foam for gas mobility control depends
on foam generation and stability at high temperature and oil pres-
ence. Several literatures have shown that the viscoelasticity and
interfacial stabilizing capacity of conventional foaming agent
increased in presence of nanoparticles. However, most of foam sta-
bility tests at the screening stage are rarely conducted at dynamic
condition of high temperature and presence of oil, thus most
reported results and not representative of foam performance at
reservoir conditions.
Fig. 3. TSI of surfactant-stabilized foam in presence of 30 wt% Hexadecane at 80 �C.
3.1. Screening of best performing nanoparticles and surfactants via
dynamic tests

To select the best performing nanoparticles and surfactant for
further foam stability experiments, nanoparticles-foam stability
was investigated at the screening stage through light-scattering
detection techniques. The method encompasses the processes of
sedimentation, drainage, coarsening, as well as coalescence in
determining the dynamic stability of foam. Different concentration
of nanoparticles was introduced into the conventional foaming
solutions, and foam stability were evaluated from transmission
and back-scattered profiles, as well as the TSI. Afterward interfacial
tension analysis was conducted to calculate entering coefficient
(E), spreading coefficient (S), and the lamellae number. The
nanoparticles and surfactant that most produced the most stable
foams were then selected for foam stability tests at sub-critical
and supercritical conditions.

To stimulate the actual downhole conditions at the screening
stages, foam was generated in presence of 30% of hexadecane oil
and then loaded into the formulation Turbiscan to study the foam
stability at the dynamic conditions. Small value of turbiscan stabil-
ity index (TSI) was taken as actual indication of the foam high sta-
bility. Influence of surfactant type, nanoparticles type and
nanoparticles concentration were investigated. Fluorescence
microscopy of foams images were obtained to elucidate the mech-
anisms of foam stabilization. Constant SDS concentration (0.5 wt%)
as well as 0.1 wt% of TX100 and CTAB, representing significant val-
ues above the surfactants CMC were used for the experiments.

Result of the dynamic changes in foam stability at 80 �C inves-
tigated for 12 h via multiple light scattering method are presented
in Fig. S1 (supporting information). The foams were generated
using 0.5 wt% concentration of nanoparticles. The colour of the
spectra is an indication of time in backscattering (BS) and the
transmission (T) light intensity profiles of the foam stabilized by
different nanoparticles and surfactant types presented in Fig. S1
(supporting information). In previous studies, increasing transmis-
sion is usually attributed to quicker rate of liquid drainage whereas
decreasing backscattering is an indication of film thinning and
bubbles coalescence [26,30]. The decreasing transmission intensity
at the base of the sample bottles is an indication of the extent of
liquid drainage from foam lamella [26,30].

In Fig. S1 (supporting information), almost zero percent (%)
transmission was observed in transmission intensity profiles of
SiO2-CTAB and carbon nanotubes-CTAB (CN-CTAB) stabilized
foams (Fig. S1a and S1e). The low transmission intensity at the bot-
tom of samples height is an indication of the formation of com-
pacted foam consisting of several bubbles per unit area (higher
bubble density). Foam stability can also be attributed to higher
backscattering intensity resulting from longer BS light scattering
pathway. However, liquid drainage and gas diffusion from smaller
bubbles into larger bubbles, at high temperature resulted in faster
bubbles coalescence. Hence, backscattering (BS) reduces due to
shorter BS light pathway whereas transmission (T) increases
5

[26,30]. Fig. S1 (a, d and e) clearly showed that SiO2-stabilized
CUO-stabilized and carbon nanotubes-stabilized foams were most
stable whereas Al2O3-stabilized and TiO2-stabilized foams were
the least stable Fig. S1(b and c). The presence of nanosilica and
carbon-nanotubes in the CTAB solutions increases the interfacial
energy, thus delayed the drainage of liquid from foam films as well
as bubbles coalescence and coarsening.

3.1.1. Surfactant types screening
In consistent with the backscattering (BS) and the transmission

(T) light intensity profiles, the plots of TSI against time presented in
Fig. 3 plainly revealed that high temperature and high volume of
oil rendered the foam unstable in presence of all investigated sur-
factants. The values of TSI were generally very high because
increased temperature decreases CO2 density at isobaric condition.
Temperature weakened the surfactants solute–solute interaction,
resulting in random movement of the solvent CO2 and
nanoparticles-surfactant molecules. Low CO2 density at high tem-
perature will also result in low molecular packing density of
adsorption layer and increases the movement of nanoparticles-
surfactant complex at foam lamellae, resulting in higher liquid
drainage and faster bubble coalescence [41].

Within the first 3 h, TX100-based foam demonstrated the high-
est stability (lowest TSI), due the greater tendency of TX100 to
cause lowest reduction in oil–water interfacial tension compared
to SDS and CTAB [15]. This suggests that TX100 has the best foam
generation capacity among the surfactants. However, after 3 h, the
plotted graphs showed that CTAB-generated foam displayed the
lowest TSI (50%) and highest stability in comparison to TX100-
foam (with TSI of 66.9%). The high durability of CTAB-stabilized
foam resulted from the substantial self-aggregation properties of
molecules of CTAB as a result of ample presence of carbon-atoms
in CTAB tail, promoting surfactant molecules aggregation at inter-
face [42]. After 9 h, the CTAB and SDS demonstrated almost equal
stability as the TSI of SDS-foam and CTAB-foam remained constant
at 50%.

3.1.2. Nanoparticles types screening
Largely, smaller values of TSI were exhibited by the

nanoparticles-surfactant stabilized foam compared to the surfac-
tant foam, signifying that these foams were thermally stable com-
pared to the conventional foams (Fig. 4). The thermal dynamic
stability of nanoparticles-surfactant foams arises from the
nanoparticle’s adsorption, as well as agglomeration on the bubble’s
surfaces [43]. This incident resulted in the formation of colloidal
armour of dense films at the foam lamellae to prevent bubble
decay.

Among all the nanoparticles types, carbon nanotubes produced
the lowest TSI, followed by SiO2 nanoparticles. The increasing sta-



Fig. 4. TSI of nanoparticles-surfactant stabilized foam in presence of 30 wt% hexadecane at 80 �C.
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bility (decreasing TSI) is in following order: carbon-nanotubes>
SiO2 >CUO > Al2O3> TiO2. Critical inspection of the plotted graphs
in Fig. 4 revealed that regardless of the surfactant type, the TSI of
the foams stabilized by only surfactants, as well as foams stabilized
6

by TiO2 and Al2O3 nanoparticles exhibited highest tendency to
increase indefinitely with time (Fig. 4a–c). But the TSI of foams sta-
bilized by carbon nanotubes, SiO2 and CUO nanoparticles remained
constant after some time Fig. 4(d–h). These results suggest that the
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decaying process of surfactant-stabilized foams, as well as TiO2 and
Al2O3-stabilized foams could get worse with time in actual reser-
voir conditions.

Formation of very stable carbon nanotubes-stabilized and SiO2-
stabilized foam in presence of high ratio of oil to water at elevated
temperature arises from propitious orientation of particles at
water-hexadecane-gas interface. When high ratio of oil to water
is present in aqueous medium along with the foaming agents,
the foam stability depends on the presence of the foaming/stabiliz-
ing agents at gas–liquid as well as oil–water interfaces [22]. Carbon
nanotubes have been identified as stable emulsion stabilizers from
previous studies because of the favourable alignment of the nano-
materials at interface of oil and water [44].

3.1.3. Nanoparticles concentration screening
The concentration of all nanoparticles was varied between 0.1

and 1.0 wt%, to investigate impact of nanoparticles concentration
on foam stability. But concentration of 0.01–0.1 wt% was used for
carbon nanotubes because of their less dispersity in bulk/surfac-
tant solutions [45]. Fig. 4 clearly showed that as the nanoparticles
concentration increased from 0.1 to 1.0 wt%, the foam stability also
increases. For instance, after 12 h, SiO2 in CTAB solution decreased
the TSI from 53.72% to 36.04% and 26.15% with increasing nanosil-
ica concentration from 0.5% � 1 wt% respectively (Fig. 4g). Simi-
larly, the TSI of TX100-foam reduced from 66.90% to
approximately 22% with 0.5 wt% nano-alumina in surfactant solu-
tion (Fig. 4b). The highest concentration of carbon nanotubes
(0.1 wt%) considerably reduced the TSI of the foam generated with
CTAB and SDS from 50% to 5.5% and 13.92% respectively (Fig. 4d
and e).

Generally, lowest TSI and best foam stability was achieved
when the nanoparticles concentration varied between 0.5 and
1 wt% concentration. For carbon-nanotubes, the plotted graphs
generally showed that TSI values decreased significantly with the
increasing carbon-nanotubes concentration in surfactant solution.
The extent of adsorption of nanoparticles-surfactant complex, as
well as the molecules accumulation at foam lamellae is expected
to increase as the particle’s concentration increases until the bub-
ble interfaces are impeccably shielded from film-thinning, coales-
cence and coarsening [46]. Moreover, Ostwald ripening can be
reduced at higher nanoparticles concentrations, because the osmo-
tic pressure acting within the bubbles balances the Laplace pres-
sure variations [47].

Whenever the nanoparticles concentration is too low, there is
insufficient quantity of nanoparticles-surfactant (nano-surfactant)
complex at foam lamellae. This incident will result in lower rate
of nano-surfactants species adsorption, as well as aggregation at
gas–water interface. This study suggest that ample quantity of
nanoparticles is require for absolute fortification of bubble’s sur-
faces from film thinning and decay.

3.2. Screening of best performing nanoparticles and surfactants via E, S
and L

To confirm the best performing nanoparticles and surfactants
for further foam stability experiments. Foam-oil interaction was
systematically evaluated from three parameters (models) that are
frequently engaged in previous studies. These models are entering
coefficient (E), spreading coefficient (S), and bridging coefficient
(B). They are mathematically expressed as [48,49]:

E ¼ rw=g þ rw=o � ro=g ð6Þ

S ¼ rw=g � rw=o � ro=g ð7Þ

B ¼ rw=g
2 þ rw=o

2 � ro=g
2 ð8Þ
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Interfacial tension is represented by r while the subscript o stands
for oil, w stands for water (foaming agent) and g for gas respec-
tively.rw=g ,rw=o; and ro=g are the water–gas, water–oil and the oil–
gas interfacial tension respectively.

Foam stability is defined by negative entering coefficient (E),
suggesting that the oil droplet resides at the water phase, and will
only be able to invades the gas–liquid interface of the foam when-
ever entering coefficient becomes greater than zero (E > 0Þ. Like-
wise, spreading of oil becomes favourable whenever spreading
coefficient (S) is positive. Oil spread at the gas–water interface does
not occur if S is negative [48,49]. Stable foam films are indicated by
the negative value of bridging coefficient (B), while the unstable
foam film is represented by B � 0: Influence of hydrocarbons on
the lamella of foam can also be quantified by the Lamella number
(L) represented by [50]

L ¼ 0:15
rw=g

rw=o
ð9Þ

Highly durable foams are signified by L < 1;as well as negative val-
ues of entering (E) and spreading (S) coefficient. Unstable foams are
signified by positive values of entering (E), and spreading (S) coeffi-
cient, as well as L> 7. The conditions for foam to be described as
moderate stable are positive value of entering (E) coefficient, nega-
tive value of spreading (S) coefficient, and 1 < L < 7 [48,49]. The
measured and calculated parameters are presented in Table S1
(Supporting information). Positive values of entering coefficient
(E) were obtained for all investigated cases in this study, showing
that the presence of nanoparticles did not prevent the invasion of
interface between the liquid and the gas by the oil. However, nega-
tive values of spreading coefficients were obtained for most of the
nanoparticles-surfactant foams while spreading (S) coefficients for
all surfactant-stabilized foams were positive.

These results showed that the oil favourably dispersed at the
gas–water interface of foams stabilized solely by the surfactants
while nanoparticles adsorption and aggregation at the gas–liquid
interface prevented oil spreads at the lamellae of nanoparticles-
stabilized foam. The calculated values of lamellae number were
all less than 7 whiles L < 1 were obtained for the highly stable
nanoparticles-surfactant stabilized foam. It can be inferred from
Table S1 (Supporting information) that nanoparticles did not nec-
essarily prevent the entering of oil into the gas–liquid interface
but prevented the spreading of invaded oil by keeping the
pseudo-emulsion films stable.

Table S1 (Supporting information) further confirmed that the
most stable foams from the multiple light scattering and turbiscan
stability index (TSI) demonstrated favourable spreading coefficient
(S) and lamella number (L) compared to the least stable foam. For
instance, SiO2-SDS, SiO2-TX100, CN-SDS and CN-CTAB spreading
coefficient (S) were negative and the lamella number (L) were
favourable for foam stability while only the TIO2-SDS foam dis-
played negative spreading coefficient. The spreading coefficient
of TIO2-CTAB and TIO2-TX100 and Al2O3/TX100 foams were all pos-
itive with lamellae number > 1, confirming that the foam stabi-
lized by TiO2 and Al2O3 nanoparticles were not as stable as
carbon-nanotubes and nanosilica stabilized foams in presence of
oil.

3.3. Screening of best performing nanoparticles and surfactants via
static stability

Static stability experiments were further conducted to screen
the best nanoparticles for further experiments. The least spreading
coefficient and lowest lamella number were determined from
interaction of nanoparticles-SDS mixtures with oil as shown in
Table S1 (Supporting information). For instance, SiO2-SDS foam
has the lowest spreading coefficient �5.28 mN/m with lamella



Oil unable to destroy the lamella of SiO2-SDS foam

Fig. 6. Nanoparticles-surfactant foam lamellae showing that liquid drainage, as
well as detachment and lamellae collapsing by hexadecane oil are delayed by
nanoparticles. The foam was generated with 0.5 wt% SiO2 and 0.5 wt% SDS.

N. Yekeen, T. Xin Kun, A. Al-Yaseri et al. Journal of Molecular Liquids 338 (2021) 116658
number of 0.71, Al2O3-SDS foam has the spreading coefficient of
�4.74 mN/m and lamella number of 0.39 while CN-SDS foam has
the spreading coefficient of �3.47 mN/m and lamella number of
0.75. Further screen experiments were conducted using nanoparti-
cles and SDS mixtures. Fig. 5 showed the plots of normalized height
versus time for foam generated at 80 �C in absence of oil. The plot-
ted graphs showed that CN-SDS foam with amazing dynamic sta-
bility in presence of oil has very poor stability in absence of oil
while Al2O3-SDS foam with very poor durability in presence of
oil has the best stability in absence of oil.

SiO2-SDS foam showed consistent high static stability at 80 �C
and dynamic stability in turbiscan at 80 �C and presence of hexade-
cane. The SiO2-SDS foam also has the lowest spreading coefficient
in presence of hexadecane oil and favourable lamellae number.
Hence SiO2-SDS foam will be chosen for further experiments to
compare the performance of sub-critical and super-critical CO2

foam in this study. We attributed the observed difference in static
and dynamic foam stability in this study, to the influence of parti-
cles orientation at the gas–water interface of foam and oil–water
interface formed in presence of oil. This assertion has been dis-
cussed in detail at ‘‘mechanistic investigation of foam stability in
Section 4”.

The high stability of SiO2-SDS foam is confirmed by the micro-
scopic image of the SiO2-SDS foam lamellae presented in Fig. 6.
Although the presence of hexadecane oil was observed at the foam
lamellae, the pseudo-emulsion film remained stable, resisting oil
spread, drainage and bubbles coarsening, because of their higher
mechanical stamina impacted by the nanoparticles. The lamellae
detachment and collapsing are prevented by nanoparticles adsorp-
tion at the lamellae which prevented drainage of the liquid from
the foam films arising from gravity [6].
3.4. Comparison of CO2 foam stability at sub-critical and supercritical
conditions

SiO2 nanoparticles and SDS surfactants were chosen for further
foam stability tests to compare the foam performance at sub-
critical and supercritical conditions. Although CN-CTAB foam
demonstrated highest dynamic stability in turbiscan, their static
stability was very poor. SiO2-SDS foam showed lowest spreading
coefficient and lamellae number in presence of oil, coupled with
their moderate static and dynamic stability in turbiscan at 80 �C
and oil presence. The stability of SiO2-SDS foam at sub-critical
and supercritical conditions were investigated as functions of vary-
ing nanoparticles, salinity and types of oil.
Fig. 5. Plots of normalize foam height versus time from the dynamic stability of
nanoparticles-SDS foam at 80 �C in absence of oil. The foam was generated using
0.5 wt% SDS and 0.1 wt% for all nanoparticle’s concentration.
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3.4.1. Nanoparticles concentration effect on sub-critical and
supercritical CO2-foam

Nanosilica concentration impact on CO2 foam stability was
investigated at fixed concentration of SDS higher than CMC
(0.5 wt%). The plots of normalize foam height against time at dif-
ferent nanoparticles concentration for sub-critical and supercritical
CO2 foam is presented in Fig. 7. Increasing nanoparticles concentra-
tion from 0 wt% � 2 wt% increased the stability of CO2-foam gen-
erated at sub-critical condition (Fig. 7a). However, 0.5 wt% SiO2

concentration was the most favourable for achieving maximum
stability for super-critical CO2 foam (Fig. 7b). When the nanoparti-
cles concentration was increased beyond 0.5 wt%, the stability of
super-critical CO2 foam decreases (Fig. 7b). This study suggests
the existence of ideal concentration for maximum stability of
super-critical CO2 foam.

There was no need to increase the nanoparticles concentration
to highest concentration investigated at sub-critical condition
(2.0 wt%) since the maximum supercritical CO2 foam stability
was attained at 0.5 wt%. Hence, 1.0 wt% SiO2 concentration was
the highest nanosilica concentration investigated at supercritical
condition in this research. The supercritical CO2 foam image in
quartz tube presented in Fig. 8 further confirmed that 0.5 wt%
SiO2 shows better synergy with SDS compared to 0.6 wt% and
1.0 wt% SiO2 at supercritical condition. There was almost an
insignificant decrease in foam stability for almost 1 h. The foam
height decreased by just 2 cm (from 15.50 cm to 13.50 cm) within
48 min between 12 min and 60 min.

The SDS surfactant molecules synergistically interacted with
the SiO2 nanoparticles to form a rigid armour structure at the thin
liquid films that delayed film thinning and bubble coalescence as
shown in Fig. 5 [24]. The existence of ideal concentration for
utmost stability of the supercritical CO2 foam can be attributed
to rising density and increasing cohesive energy of the CO2 at high
pressure [41,51]. This incident favours the nanoparticles-
surfactant interaction due to increasing hydrophobicity of the
CO2, thus expediting the entrenchment of nanoparticles-
surfactants hydrocarbon tails into CO2 phase.

The mobility of the supercritical CO2 foam in porous media at
different nanoparticles concentration was estimated using Eq.
(10) [52]

k ¼
Q
A

� �

DP
L

� � ð10Þ



Fig. 7. Nanoparticles concentration effect on (a) Sub-critical CO2 foam stability and
(b) Super-critical CO2 foam stability.

Fig. 8. Change in supercritical CO2 foam height with time in quartz tube showing
insignificant decrease in height within 60 min (the foam was generated with 0.5 wt
% SiO2 and 0.5 wt% SDS).

Table 3
Mobility and mobility reduction factor (MRF) values at different SiO2 concentration

Nanoparticles
concentration

Mobility Mobility Reduction
Factor (MRF)

0.5 wt% 1.634 � 103 mD/cP 4.525
0.6 wt% 1.633 � 103 mD/cP 4.528
1.0 wt% 1.629 � 103 mD/cP 4.539
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where A is the cross-sectional area of glass bead packed column
(GBPC) obtained as 1.623 cm2, L is the length of the GBPC
(10 cm), Q is the volumetric flow rate (6 ml/min), k is the foam
mobility in mD/cP and DP is the pressure drop across GBPC in psi.
The porosity of the glass bead was estimated as 34% while the per-
meability was determined as 60 Darcy.
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The mobility reduction factor (MRF) or the foam resistance fac-
tor was subsequently calculated using Eq. (11), higher mobility
reduction factor indicates lower reduction in foam mobility [52].

MRF; c ¼ kaqueous�CO2

kaqueous�CO2�NPs
ð11Þ

Supercritical CO2 foam static and dynamic stability were quite con-
sistent. Pressure drops across GBPC demonstrated no noticeable
variation as the SiO2 concentration increased beyond 0.5 wt%
SiO2. The maximum pressure drops (Dp) was obtained as 22.548
psi with addition of 0.5 wt% SiO2 to foam formulation. The Dp
slightly increased to 22.603 psi and 22.708 psi when the concentra-
tion of the nanosilica increased to 0.6 and 1.0 wt% respectively. The
pressure drops obtained in presence of 0.5, 0.6 and 1.0 wt% SiO2

resulted in insignificant change in mobility and MRF as shown in
Table 3. These results showed that there was no significant change
in pressure drop, as well as the supercritical CO2 foam mobility in
porous media when the nanoparticles concentration exceeds
0.5 wt%.

The lower nanoparticles concentration required for attaining
the maximum stability of CO2 foam at the supercritical condition
is due to response of CO2 foam to pressure increase [51]. Previous
studies have shown that CO2 foam stability is enhanced at high
pressure when surfactants with high hydrophile-lipophile balance
(HLB) are used in foam generation [51]. At supercritical condition,
the higher operation pressure (1500 psi) at constant temperature
condition increased the CO2 density and its cohesive energy den-
sity [51]. This incident increased the hydrophobicity of CO2, conse-
quently expediate the embedment of surfactants lipophilic groups
(hydrocarbon tails) into CO2 phase.

The higher interaction between the molecules of surfactants
and CO2 at high pressure of supercritical CO2 foam is balanced by
the strong hydrophilic heads of the SDS surfactant used in this
study. Hence, maximum supercritical CO2 foam stability was
achieved with 0.5 wt% SiO2. However, for the sub-critical CO2 foam,
the high hydrophilicity of SDS facilitated the embedment of hydro-
philic groups (hydrophilic heads) of surfactants into the water
phase. This interaction consequently increased CO2 diffusion and
water drainage through destabilization and thinning of the CO2

foam liquid films. The stability of sub-critical CO2 foam increased
with increasing concentration of nanoparticles because high quan-
tity of nanoparticles is required to attain maximum foam stability
at sub-critical conditions. When the hydrophilic head of the surfac-
tants are embedded into the water phase, the adsorbed surfactant
molecules at the carbon-dioxide water interface are fewer result-
ing in poor foam stability [51].

3.4.2. Salinity effect on sub-critical and supercritical CO2 foam stability
Fig. 9 shows the normalize height of the CO2 foam generated at

the subcritical (Fig. 9a) and supercritical conditions (Fig. 9b) at dif-
ferent salinity concentrations. The stability of sub-critical CO2 foam
was the best in absence of salt for the first 40 mins. After this time,
the foam generated in presence of 2.0 wt% NaCl was better than the
foam generated in absence of salt. Likewise, the super-critical CO2

foam demonstrated good salt tolerance with the presence of 0.5 wt
% as well as 2 wt% NaCl brine in SiO2-SDS solutions. Just like the



Fig. 9. Salinity effect on CO2 foam stability at (a) sub-critical condition and (b)
supercritical condition. The foam was generated with 0.5 wt% SDS and 0.5 wt% SiO2.
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case of sub-critical CO2 foam, the super-critical CO2 foam exhibited
highest stability in presence of 2 wt% NaCl.

However, the bulk stability of the super-critical CO2 foam
reduced drastically when NaCl concentration increased to 10 wt
%, suggesting the existence of optimum salt concentration for max-
imum stability of CO2-foam generated at super-critical and sub-
critical condition. The most stable sub-critical and super-critical
CO2 foams was generated in this study when 2 wt% NaCl was
added to SiO2-SDS solutions. The mobility of the super-critical
CO2 foam in glass bead packed column confirmed the foam bulk
stability result. A closer inspection of the pressure drops during
the foam propagation in the GBPC showed that the foam demon-
strated increasing pressure drop with increasing NaCl concentra-
tion (Fig. 10).

The foam mobility was observed to reduce from approximately
2000 mD/cP in absence of salt to 1.633 � 103 mD/cP in presence of
2 wt% NaCl. The mobility further reduced to 1.545 � 103 mD/cP in
presence of 10 wt% NaCl. The static and dynamic stability suggests
that increasing salt concentration may not be detrimental to CO2
Fig.10. Differential pressure across GBPC at different salt concentrations.
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foam stability. Instead the salt increased the foam stability until
maximum salinity concentration was attained.

The foam was generated with 0.5 wt% SDS and 0.5 wt% SiO2.
The high foam stability can be attributed to increasing aggrega-

tion and optimum adsorption of nanoparticles-surfactant complex
at foam lamella at high salinity condition. Since salts induces
nanoparticles agglomeration, its presence in nanoparticles-
surfactant solutions could facilitate nanoparticles-surfactant
aggregation at gas–liquid interface [53]. This incident increased
the interfacial activity of the surfactants and nanoparticles, result-
ing in high foamability and foam stability [54].

Increasing foam stability at high salinity conditions have been
reported in literature [55–57]. Results of previous research showed
that CO2 foams apparent viscosity increased with increasing salin-
ity concentrations from 0 to 22% total dissolved solids (TDS) while
nanoparticles adsorption at CO2-water interface was higher with
presence of concentrated brine (15% TDS) in foaming solutions
[56–59]. Xiao et al. [57] demonstrated that the apparent viscosity
of CO2 foams produced via the synergy of anionic surfactant and
nanosilica rose from 0.02 to 0.1 cp when the concentration of salt
was increased from 0 to 5 wt% NaCl. San et al. [59] observed that
SiO2-stabilized CO2-foam produced in presence of 1.0 wt% NaCl
attained total collapse after 7 days. But when the 10 wt% NaCl con-
centration was added into the foaming solution, less than 40%
reduction in total CO2-foam was noticed after 7 days. The foam
mobility further decreased from 13.1 md/cp to 2.6 md/cp with
increasing NaCl concentration from 1.0 to 10.0 wt% [59].

In the presence of salt, the screening of the charge on
nanoparticles-surfactant complex aided in achievement of CO2-
philicity as well as migration of nanoparticles from the brine phase
to CO2-water interface to enhance foam stability [56–59]. More
nanoparticles-surfactant molecules were adsorbed at the
nanoparticles-CO2 interface because the electrostatic repulsion
among the nanoparticles-surfactant heads groups in aqueous solu-
tions were reduced in presence of salt [57]. The increasing electro-
static attraction and the closer-packing of the adsorbed
nanoparticles-surfactants molecules propelled the surface-active
complex to the carbon dioxide-water interface to promote the
foam stability [56–59]. Moreover, the screening electrostatic repul-
sion of the nanoparticles-surfactant head groups by the salts also
assists in micelles formation, which impact the structural disjoin-
ing pressure. The change in formation of double layer, as well as
screening of the repulsion between neighbouring charged silanol
groups by the existing ions increased the hydrophobicity of silica
nanoparticles, resulting in higher adsorption energy at the CO2/
brine interface [56–59].

However, Nanosilica agglomeration was observed when the
concentration of NaCl was increased to 15 wt% in previous studies,
suggesting that core plugging can occurred and optimumNaCl con-
centration exists for maximum foam stability at downhole condi-
tions [59]. Likewise, whenever the salt concentration increases
beyond the saturation point, the SDS-SiO2 solution become super-
saturated with excessive amounts of NaCl, resulting in the precip-
itations of surfactants, as well as nanoparticles-surfactant complex
from the solutions. This process resulted in decreasing foam stabil-
ity at NaCl concentration beyond 2 wt% observed in bulk stability
experiments. At high NaCl concentrations, the precipitations of
the surfactants from the foaming solutions can also obstructs the
adsorption of surfactants onto the nanoparticles surface, conse-
quently preventing nanoparticles-surfactant complex formation,
adsorption, as well as agglomeration at foam lamellae.

3.4.3. Effect of types of oil on sub-critical and supercritical CO2 foam
stability

For investigating oil types effect on CO2 foam stability. CO2

foam was produced by the sparging of CO2 into 50-cm cylindrical
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glass column containing the foam solution. 5 ml of each oil was
added to 100 ml of the foaming solution before the foam genera-
tion. Stability were estimated from normalize height, foam col-
lapse in column with time, as well as the microscopic images.
The plots of normalize height with respect to time presented in
Fig. 11 showed that the foam was more stable when higher viscos-
ity, higher density and high molecular weight oil was added into
the foam dispersion in comparison to lower viscosity, lower den-
sity and lower molecular weight oil. In this study, the CO2 foam
was most stable in presence of paraffin (with highest viscosity)
and was least stable in presence of n-decane oil (with lowest vis-
cosity) as shown in Table 2. The CO2 foam was also more durable
in presence of n-hexadecane with molecular weight of C16H34 com-
pared to n-decane with molecular weight of C10H22.

3.4.4. Effect of nanoparticles on foam stability in presence of oil
Results of this study showed that the foam collapse time was

delayed by nanoparticles in presence of oil. In presence of paraffin,
the total collapse time of CO2 foam increased from 20 min to
160 min while in presence of n-decane, the CO2 foam decay time
increased from 16 min to 100 min when 1.0 wt% SiO2 nanoparticles
were added to the 0.5 wt% SDS solutions (Fig. 11).

The snapped images of the foam in foam column presented in
Fig. S2 and Fig. S3 (Supporting information) showed consistent
results with normalize foam height displayed in Fig. 11. The Fig-
ures showed that the nanoparticles-surfactant bubbles were finer,
thicker, and denser due to slow rate of liquid drainage from bulk
foam. The most striking observation from the foam decaying pat-
tern in presence of oil in Fig. S2 and Fig. S3 (Supporting informa-
tion) is the occurrence of irregular decay pattern with time for
the SDS-stabilized bubbles. The collapse processes of the SDS-
foam were in serrated pattern (Fig. S2) while uniform decay pat-
tern was observed for SiO2-SDS stabilized foam (Fig. S3). Non-
uniform foam collapse profiles were also observed in presence of
lower molecular weight, lower viscosity and density oil (decane
oil) compared to foam generated in presence of high viscosity
and density oil (paraffin oil).

The occurrence of irregular decay pattern for SDS-stabilized
foam made it very difficult to reckon CO2 foam stability from the
visual inspection of foam decaying height with respect to time
alone. Hence, the photomicrographs of the foams were comple-
mented with normalize height for evaluation of the CO2 foam-oil
interaction. The results of this study generally confirmed that
higher molecular weight, higher density, and high viscosity oils
are less devastating to foam stability in comparison to oil with
lower molecular weight, low density and viscosity [26,27]. The
decane and paraffin oil distributions in the structure of
Fig. 11. The normalized height of SiO2-SDS stabilized CO2-foams geneated in
presence of oil (foam formulation comprises of 0.5 wt% SDS and 1.0 wt% SiO2).
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nanoparticles-surfactant foam shown in Fig. S2 and Fig. S3 (Sup-
porting information) showed the emulsification of oil to tiny dro-
plets stuffing into foam thin-liquid films as well as Plateau
borders to enhance the durability. However, the emulsified dro-
plets hastily dispersed into the structure of SDS-foam to cause
foam decay and coarsening. The structural arrangement of SiO2-
SDS bubbles permit oil accumulation within the Plateau borders
and foam lamellae to enhance foam durability (Fig 12).

The microscopic images of CO2 foam in presence of hexadecane
oil with respected to time presented in Fig 12 showed the forma-
tion of high dense bubbles for both the SDS-stabilized foam and
SiO2-SDS CO2 foam immediately after the foam generation, Ini-
tially, the bubble size distribution of the SDS-foam was also dom-
inated by smaller and finer bubbles. These initial finer bubbles of
the CO2 foam can be attributed to higher interfacial activity and
high foamability of surfactant and nanoparticles-surfactant due
to their capacity to decrease surface-tension between CO2 and
brine [54].

Alzobaidi et al. [56] observed that the interfacial tension
between CO2 and concentrated brine (15% TDS) decreased from
25.0 mN/m to 12.7 mN/m in presence of nanosilica dispersions
while Ibrahim and Nasr-El-Din, 2020 [60] found that interfacial
tension between CO2 and brine decreased from 20.5 mN/m to
14.7 mN/m in presence of anionic surfactant and further to 8.4
mN/m in presence of mixed system of anionic surfactant and
SiO2 nanoparticles.

The foam stabilized by only surfactant ultimately collapses fas-
ter while the initial swift collapse of the nanoparticles-surfactant
enhanced foam was accompanied by a lengthy period of sustained
durability. Most stable foams were produced through the synergy
of SiO2 and SDS because the SDS reduces the CO2-water interfacial
tension and equalizes the SiO2 nanoparticles association with
lipophilic- hydrophilic properties, resulting in sticking of nanosil-
ica to CO2-water interface [57].

Entering coefficient (E), spreading coefficient (S) and Lamella
number (L) were calculated for foam-decane oil interaction
Table S2 (supporting information) and compared with foam-
hexadecane oil interaction Table S1 (supporting information).
The calculated parameters clearly showed lower values of entering
coefficient (E), spreading coefficient (S) and Lamella number (L) for
CO2 foam-hexadecane oil interaction compared to CO2 foam-
decane oil interaction, supporting the observation that lower
molecular weight oils are more destructive to foam stability. Gen-
erally, oil with long chain, high viscosity, as well as high density
have low propensity to become soluble into micelles [61,62].

The presence of oil with low micellar solubilization increases
the forces of repulsion amid micelles (steric effects), consequently
enhances the actual micellar bulk size and delays thinning of the
foam’s films [61,62]. Micrographs of the very stable foam
(nanoparticles-surfactant foam and foam produced in presence of
higher viscosity oil) showed the migration of droplets of oil from
foam lamellae and subsequent collection in Plateau borders to
retard thinning of the foam films (Fig 12 and Fig S3 (supporting
information). Micrographs of the surfactant-stabilized foams and
foam formed in presence of low viscosity and lower molecular
alkanes oil (Fig S2, supporting information). showed quicker pene-
tration of oil droplets into gas–liquid foam interface due to unsta-
ble pseudo-emulsion film [50].

Although the SiO2-SDS bubbles were initially larger in size com-
pared to SDS-stabilized bubbles (Fig. 12a-d), however, the SiO2-
SDS foam exhibited higher mechanical strength and high resis-
tance to the destructive impact of oil compared to the conventional
foams. The lamellae of SiO2-SDS foams are more stable and resisted
drainage and bubbles coarsening because of higher mechanical sta-
mina impacted by the nanoparticles (Fig. 12e–l). The lamellae
detachment and collapsing are prevented by the adsorption of



Fig.12. Microscopic images of SDS-foam (a–d) and SiO2-SDS foam (e–l) showing that surfactant-foam could initially have smaller bubbles but collapses. The foam was
generated in presence of hexadecane oil. 0.5 wt% SDS was used for SiO2-SDS foam in (e–l).
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nanoparticles at the gas–liquid interface which prevents liquid
drainage from the foam films arising from gravity.

Results of this study (Fig.12) further suggest that foam stability
cannot be infer from the generation of smaller and finer bubbles
alone. Surfactants could induce higher foamability and produced
initially smaller bubbles because of their higher interfacial activity
more than nanoparticles. But they are unable to promote the even-
tual foam durability. Hence, their original smaller-sized bubbles
collapse faster than the nanoparticles-stabilized bubbles. The dura-
bility of foam films determines the eventual stability of the gener-
ated foams. To elucidate the mechanisms of foam-oil interaction, it
is recommended that the observation of bubbles collapse with
time, be completed with the estimation of the entering and spread-
ing of oil, as well as the detachment and destruction of foam
lamella.

4. Microscopy investigation of mechanisms of foam stability

Mechanistic investigation revealed that the major difference
between the surfactant- stabilized foam and nano-surfactant-
stabilized foam is the change in lamellae thickness and micro-
structures of the generated bubbles with time. Though surfactant
can produce finer bubbles at initial foam generation as observed
during foam generation in oil, however SDS-stabilized foam col-
lapsed faster and showed polyhedral shape with thinner lamellae
(24.6 mm) with respect to time (Fig. 13a). Foams generated by
SiO2-SDS solutions were relatively stable with uniform or finer
shape and denser lamellae (67.3 mm) (Fig. 13b).
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The nanoparticles and surfactants screening experiments
showed that TiO2 and Al2O3 nanoparticles demonstrated high sta-
tic stability in absence of oil at 80 �C but poor dynamic stability in
presence of 30% hexadecane oil. Carbon nanotubes-stabilized foam
exhibited low static stability but displayed amazing dynamic sta-
bility in oil presence. SiO2 nanoparticle-stabilized foam demon-
strated consistent static and dynamic stability with and without
oil. To unravel the inconsistency in static and dynamic stability
observed during the nanoparticles screening experiments, the
mechanisms of foam stabilization in presence of higher oil volume
was researched via confocal laser scanning microscopy. The micro-
graphs from confocal showed that the structures of foams with
high stability (low TSI) were of brighter fluorescence while least-
stable foams have fainter structure.

Brighter fluorescence signified higher intensity of nanoparticles
adsorption and arrangement at the lamellae. Generally, foams gen-
erated from nanosilica and surfactant formulation showed low TSI,
brighter fluorescence and better stability. This observation is con-
sistent with results of previous research [22,63]. Brighter fluores-
cence was observed for high stable foams and emulsions with
fluorescence microscopy while fainter fluorescence are usually
associated with low-stable foams and emulsions [22,63].

In the present study, when the foam was generated in presence
of oil, the optical micrograph structures of CN-SDS and SiO2-SDS
foams showed brighter fluorescence Fig. S4 (supporting informa-
tion) in comparison to that of TiO2-SDS foam Fig. S5 (supporting
information), because of the optimum adsorption of nano-
surfactant complex at the bubbles surface. The foam destruction



Fig.13. Morphology of (a) SDS-stabilized foam and (b) SiO2-SDS stabilized foam. The foam in (a) was generated using 0.5 wt% SDS and foam in (b) with 0.5 wt% SDS and 1.0 wt
% SiO2.
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at high temperature and presence of high volume of oil is pre-
vented by the formation of interfacial colloidal armour. For the
case of TiO2-SDS stabilized foam with fainter fluorescence struc-
ture, the surface-active species were not sufficiently adsorbed at
the interface. The stability of SiO2-SDS stabilized foams was better
because of sturdy cohesive intermolecular attraction within the
similar charge molecules of surfactant and nanoparticles.

In the presence of high ratio of oil–water emulsions, the foam
stability is a function of the surface-active complex alignment at
oil–water and liquid–gas interfaces [22]. The microscopic images
of carbon-nanotubes stabilized foam in Fig. S6 (supporting infor-
Fig. 14. Three-dimensional (3D) imaging for the measured surface of (a) SiO2-SDS foa
aggregated particles at the surface of nanosilica and carbon nanotubes foam compared to
nanoparticles concentration.
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mation), confirmed the presence of water–oil and liquid–gas inter-
faces in presence of oil. The three-dimensional (3D) imaging of the
measured surfaces of foams stabilized by TiO2-SDS, SiO2-SDS, CN-
SDS, as well as CN-CTAB presented in Fig. 14 showed the presence
of aggregated particles, as well as poly-disperse droplet distribu-
tion at air–water and oil–water interface. The different colour of
the spectra is an indication of particles aggregation intensity. The
intensity of the particle’s accumulation was higher at the interface
for SiO2-SDS foam (Fig. 14a) and carbon nanotubes-stabilized foam
(Fig. 14c and 14d) compared to the titanium oxide nanoparticles-
stabilized foams (Fig. 14b).
m (b) TiO2-SDS foam (c) CN-SDS foam and (d) CN-CTAB showing high density of
TiO2 foam. The foam was generated in presence of oil using 0.5 wt% SDS and 1.0 wt%



Fig. 15. Shape of (a) Al2O3 nanoparticles (b) carbon-nanotubes and (c) SiO2 nanoparticles as obtained from variable pressure field emission scanning electron microscope.
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In presence of high oil–water ratio, highest dynamic stability
was obtained for the carbon nanotubes-stabilized and nanosilica-
stabilized foams, compared with foam stabilized by other nanopar-
ticles types because of favourable particles accumulation in the
foam structure as observed in 3D surface imaging. The inclusion
of carbon-nanotubes and nanosilica in the surfactant dispersions
enhances the foam dynamic stability in presence of high volume
of oil and water, due to favourable orientation of cylindrically
carbon-nanotubes and perfectly spherical SiO2 nanoparticles
(Fig.15) to stabilize the interface between the water and hexade-
cane [44].

However, carbon-nanotubes stabilized foam with best stability
in presence of oil showed very poor static stability in absence of oil
while TIO2 and Al2O3 nanoparticles with poorest stability in pres-
ence of oil showed good static stability in absence of oil. Only
SiO2 nanoparticles demonstrated consistent stability at static and
dynamic conditions during the screening experiments. We inferred
that cylindrical shaped carbon nanomaterials (Fig.15b) seem to be
suited for stabilization of foam in presence of oil because they can
be favourably oriented at oil–water interface. TiO2 and Al2O3

nanoparticles can be most conveniently orientated at gas–water
interface due to its irregular shape (Fig.15a) while almost spherical
shaped SiO2 nanoparticles comfortable aligned at both the oil–wa-
ter and gas–liquid interface (Fig.15c).

In presence of high volume of oil and water, the SiO2 nanopar-
ticles effectively performed the dual functions of stabilizing the
gas–liquid interface of foam, as well as the oil–water interface of
the hexadecane and water in the emulsified network. Results of
this study are consistent with literature, the findings of previous
research established that SiO2 nanoparticles and carbon nanotubes
are novel emulsions stabilizers [44,64,65]. The perfectly spherical
nature of nano-silica as well as the cylindrical structure of
carbon-nanotubes are quite convenient for favourable positioning
at oil–water interface to ensure foam stability in oil presence, com-
pared to the other nanoparticles that were examined during the
nanoparticles-screening experiments. Foam formulation from the
combination of SDS and SiO2 was quite stable in absence and pres-
ence of oil and demonstrated least spreading coefficients because
of the existence of robust cohesive intermolecular interaction
due to the similar charges of nanoparticles and surfactants mole-
cules. Coupled with this effect, is the fact that the SiO2 nanoparti-
cles also adsorbed on the lamellae of the foam to prolong stability.

The three-dimensional (3D) imaging of the measured surfaces
of foam generated in presence of oil during nanoparticles screening
experiments displayed in Fig. 14, showed that strong steadying
network with high bubble density and appropriate particles aggre-
gation were formed, within the structure of very stable foams
(carbon-nanotubes and SiO2-stabilized foam) compared to the less
14
durable foams (TiO2 foam) in presence of oil. This kind of complex
prevent thinning of the thin-liquid films and permit the migration
of oil to Plateau borders to sustain foam stability at high tempera-
ture in presence of oil.

5. Conclusions and recommendations

This work is designed to identify the conditions for the opti-
mum performance of CO2 foam stabilized with synergy of surfac-
tants and nanoparticles. Extensive static and dynamic foam
stability experiments were conducted at 80 �C and presence of
30 vol% hexadecane oil using turbiscan, to screen different surfac-
tants and nanoparticles. The best performing nanoparticles and
surfactant were then selected at the screening stage for further
foam stability tests to compare the performance of CO2 foam at
sub-critical and super-critical conditions.

The following conclusions and recommendations are drawn
from the study.

1. Foams stabilized by cylindrically oriented multiwalled carbon
nanotubes demonstrated amazing stability in presence of oil
but showed poor stability in absence of oil. Irregular shaped
Al2O3 nanoparticles produced the best foam in absence of oil
but showed poor stability in presence of oil. Foam stabilized
by perfectly spherical shape SiO2 nanoparticles demonstrated
consistent stability in presence and absence of oil at high tem-
perature. The study suggests that nanoparticles shape and ori-
entation at gas–liquid and liquid–liquid interface are crucial
parameters for foam stabilization in absence and presence of
oil and should be considered during screening of nanoparticles
for foam stability experiments.

2. Positive values of entering coefficient (E), negative values of
spreading coefficients (S), and smaller lamellae number (L)
were obtained for nanoparticles-surfactant stabilized foams.
The study indicates that the presence of nanoparticles did not
necessarily prevented the invasion of interface between the liq-
uid and the gas by the oil, but nanoparticles adsorption and
aggregation at the gas–liquid interface prevented the spreading
of invaded oil by keeping the pseudo-emulsion films stable.

3. Increasing nanoparticles concertation increased the bulk stabil-
ity of sub-critical CO2 foam while 0.5 wt% SiO2 was obtained as
the ideal concentration for the utmost stability of the supercrit-
ical CO2 foam at static and dynamic conditions, suggesting that
stable CO2 foam can be produced in porous media at high pres-
sure with smaller nanoparticles concentration.

4. 2 wt% NaCl in nanoparticles-surfactant solutions resulted in
generation of most stable sub-critical and super-critical bulk
CO2 foam at bulk condition while supercritical CO2 foam further
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demonstrated highest pressure drop and lowest mobility reduc-
tion in presence of 10 wt% NaCl. This implies that the stability of
nanoparticles-surfactant stabilized CO2 foam can be enhanced
with the presence of salt in nanoparticle-surfactant formulation
at optimum concentration.

5. Mechanisms of nanoparticles-surfactant stabilized CO2 foam
stability at subcritical and supercritical conditions are the
adsorption and aggregation of nanoparticles-surfactant com-
plex at foam lamellae oil was easily dispersed at thin liquid
films of conventional foams to destroy the foam lamellae but
migrated to the Plateau borders of nanoparticles-surfactant
CO2 foam to boost the foam stability.
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