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Introduction

Approximately, 65% of the oil initially in place (OIIP)
is typically left in the reservoir during the extraction
of oil from underground reservoirs. This leftover oil is
a target for enhanced oil recovery (EOR) techniques,
which at the moment include thermal recovery, gas or
solvent flooding, chemical flooding, and combinations
of these [1]. On the other hand, to reach the emission
targets of keeping global warming to 1.5 degrees
Celsius, large-scale CO, storage in subterranean
geological formations is necessary [2]. As aresult, when
both oil production and CO, storage are co-optimized
using CO, EOR, it can be a cheap way to build the
infrastructure required for large-scale projects [3]. The
CO, EOR process has drawbacks, primarily because
of its extremely low viscosity (0.02-0.07 cp at 25°C
and 950-1450 psi) in comparison to most crude oils in
subterranean deposits [4]. To address mobility concerns
brought on by CO, flooding and to enhance residual
oil recovery using a variety of techniques, including
foam production, sweep enhancement, IFT reduction,
and crude oil emulsification, several researchers
have created and executed hybrid CO,-based EOR
approaches [5]. Foam has a substantially higher
effective viscosity than gas, hence it has been studied if
foam can increase the sweep efficiency of injected CO,
or other gases. There are frequent conflicts between
the appropriate surfactant structures for perfect foam
and ultra-low IFT. For example, the long hydrophobic
tail and branched alkyl chain are good for low IFT but
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bad for N, foams [6]. Dong et al. suggested using the
mixture of an anionic and a zwitterionic surfactant
as an ultra-low IFT foam. They mixed internal olefin
sulfonate (IOS) and lauryl betaine (LB) with a 4:6
ratio. But this composition stays unstable in the
presence of divalent ions. As a result, they suggested
adding a carboxylate surfactant L38 as a co-surfactant
third component [7]. Functionalized nanoparticles
have recently gained recognition as substitute foam
support materials. These particles gravitate toward the
gas-liquid interface and the foam's plateau boundary,
where they seek to arrange themselves preferentially
[8]. As a result, there is less direct contact between
gas and liquid. This in turn aids in raising the capillary
pressure's maximum threshold and results in a decrease
in liquid drainage and gas diffusion, reducing bubble
rupture (coarsening) and coalescence [9]. Sakhthivel
et al. investigated the effect of carbon nanodots
(CND), sodium carbon nanodots (NaCND), and
ammonium carbon nanodots (NH4CND) on the foam
stability of 6 types of surfactants in the absence of oil.
As a result, they showed that carbon nanoparticles
improved the foam stability by 70% even in very low
concentrations of about 5-100 ppm [10]. In this study,
we aim to propose a stable surfactant formulation
free of alkali, to produce foam with proper stability
in contact with oil and low IFT. Then, we used a
carbon nanoparticle with multi-functional groups and
compared its effect on foam stability and recovery
during micromodel injection with other functionalized



Petroleum Research, 2024(December-January), Vol. 33, No. 132

carbon nanoparticles with a concentration of 100 ppm.
For this purpose, static studies including investigation
of the surfactant's phase behavior in contact with oil,
and foam stability through the foam column test have
been conducted, and finally, the dynamic behavior of
the foam has been investigated in the micro model.

Materials and Methods
Materials

Ammonium lauryl ether sulfate (ALES) is an anionic
surfactant with 70% surface-active substance and Co-
camidopropyl betaine (CAPB) is a zwitterionic surfac-
tant with 30% surface-active substance. Furthermore,
4 carbon nanoparticles with different functional groups
have been used. They are carbon nanoparticles with
amine and carboxyl and hydroxyl functional groups
(A-C-H), carbon nanoparticles with amine functional
group (Amine), multi-walled carbon nanotubes with a
hydroxyl functional group (MW), and Fe,O -Carbon
nanohybrid (Fe-C). Nanoparticles have been synthe-
sized and prepared by the Research Institute of Petro-
leum Industry (RIPI).

Methods

First, the phase behavior test is carried out to deter-
mine the best pairing of two surfactants that has the
lowest interfacial tension with oil and creates the most
stable microemulsion of oil in the water phase. Addi-
tionally, this assay has been used to screen already-
existing nanoparticles. The foam column test is used
to examine the foam's stability and evaluate the foam's
half-life in various states. Fig. | depicts the foam col-
umn's schematic.
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Fig. 1 Foam column test’s schematic.

Dynamic Light Scattering (DLS) test has been per-
formed to analyze nano particle’s size distribution in
the aqueous phase. Following the static tests, the micro
model is used to examine the dynamic parameters, and
ultimately, the impact of the surfactant type and the
presence of nanoparticles on the overall oil production
efficiency. The general schematic of the micro model
injection system is shown in Fig. 2.
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Fig. 2 micromodel injection system schematic.

Conclusions

1. The behavioral test was used to determine the best
surfactant mix, which was found out to be 70% ALES
and 30% CAPB. This compound produced the most
stable and substantial oil-in-water microemulsion
when in contact with oil.

2. We concluded that the presence of CO, produces a
strong combination of ALES and CAPB surfactants
by contrasting the stability of the foam column of CO,
and N, as well as the observations made on the foam
structure from the point of view of the macro camera.
3. The best foam stability is obtained at a concentra-
tion of 1300 ppm and the foam stability declines at
higher concentrations, according to the results of the
foam column test performed in various surfactant con-
centrations.

4. The stability of the oil-in-water microemulsion was
enhanced by the A-C-H CNP.

5. The static stability of the foam column has increased
by 61% by the presence of A-C-H nanoparticles.

6. The percentage of ultimate oil recovery has im-
proved from 64.2% to 86.4% by using CO, gas instead
of N,.

7. The ultimate recovery of 99.9% of the oil was made
possible by the employment of an A-C-H nanoparticle
sample, which enhanced the microemulsion produc-
tion process.
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