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Introduction

Miscible gas injection is one of the common enhanced
oil recovery methods [1]. In this type of injection, the
main mechanism of increased oil production is to lower
the viscosity and swelling of the oil in the form of multi-
contact mixing [2]. One of the big challenges of this
type of injection is the high mobility of the injected gas
compared to the oil in place, which it causes fingering,
low sweeping efficiency, and early breakthrough of the
injected gas [3-5]. One of the relatively cheaper ways
to improve the viscosity of carbon dioxide is to foam
it. Foam can improve the mobility of the injection
phase by increasing the apparent viscosity of the gas or
improving the wettability of the reservoir rock toward
a more water wetness.

The literature state that in addition to the interaction
between surfactant and nanoparticle, the hysteresis
related to the injection sequence affects the foam
recovery. Therefore, in the current study, injection
of foam stabilized with different foam agents is
performed in both secondary and tertiary modes. To
investigate the reason for the observed hysteresis, the
mentioned sequences were implemented in the sessile
drop method to observe the wettability changes over
time. Wettability changes in the contact angle device
will be representative of the convection and diffusion
regime occurring in the real porous media.

Materials and Methods
Calcium carbonate nanoparticles with a diameter of 15
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nm were purchased from NANO SHEL as a solid powder.
Sodium dodecyl sulfate (SDS), an anionic surfactant, was
also purchased in powder form from Merck. The critical
concentration of this surfactant is equal to 0.04 wt.%. In
this study, deionized water with conductivity less than
5 microsiemens was used as the solvent of surfactant
and nanoparticle. The oil sample used in this work was
obtained from one of the Iranian oil fields. After filtration,
its viscosity and density were measured, which were 6 cp
and 0.81 g/cm3, respectively. Also, in this study, glass bids
were used as a representative of the sandstone reservoir.

IFT Measurement

Pendant drop method was used for IFT measurement
in this study. Each experiment repeated three times to
ensure the repeatability of the [FT measurement.
Contact Angle Measurement

Sessile drop technique was used in this study to
determine the contact angle of the lime stone/the crude
oil/brine system. To age the rock, a thin section was
immersed in water for 2 days, and immersed in oil for
21 days, at a temperature of 70 °C.

Coreflooding Experiment

Nano fluid, surfactant solution, and the mixture
surfactant and nanoparticle were injected in an oil-wet
glass bid porous media in secondary and tertiary mode.
The selection of solution samples was performed using
the results of other experiments such as the I[FT and the
contact angle measurement.
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Results and Discussion

Coreflooding Results
Figure 1 shows the tertiary recover factor of 0.1 wt.%
of the nanoparticle.
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Fig. 1 Recovery factor versus injected pore volumes in
tertiary mode for Nano fluid stabilized foam.

Figure 2 shows the tertiary recover factor of 0.1 wt. %
of nanoparticle + 1 CMC of surfactant.

Figure 1 shows the tertiary recover factor of 0.1 wt. %
of nanoparticle + 1.5 CMC of surfactant.

Figure 3. Recovery factor versus injected pore volumes
in tertiary mode nanoparticle-surfactant stabilized
foam with high adsorption

Based on the results, the nanoparticle-surfactant
stabilized foam with high adsorption recovers the
most oil followed by nanoparticle-surfactant stabilized
foam with low adsorption and Nano fluid, respectively.

The Effect of Interfacial Tension

Based on the manuscript, the change in IFT by
adding nanoparticle to the surfactant solution is due
to the adsorption of surfactants on the surface of
nanoparticles. The maximum adsorption occurred at 1
CMC of surfactant and 0.1 wt.% of nanoparticle. The
low adsorption was observed at 0.5 and 1.5 CMC of
surfactant.
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Fig. 2 Recovery factor versus injected pore volumes in ter-
tiary mode nanoparticle-surfactant stabilized foam with low
adsorption.
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Fig. 3 Recovery factor versus injected pore volumes in ter-
tiary mode nanoparticle-surfactant stabilized foam with high
adsorption.

The effect of Wettability Alteration
As shown in Figure 4, the most change in wettability
also belongs to the high adsorption foam.

Fig. 4 The change in the contact angle from the initial state
[left] to the equilibrium [right] for high adsorption foam.

Conclusions

This study provides insight into the interaction between
nanoparticles and surfactants as well as the hysteresis
of the foam injection sequence are investigated. For
this purpose, secondary and tertiary core injection
experiments were performed on synthetic glass core
to investigate the oil recovery behavior of foam
stabilized with calcium carbonate nanoparticles and
SDS surfactant in sandstone reservoirs. According
to the results, the secondary oil recovery by foam
stabilized with a mixture of 0.04 wt.% of surfactant
and 0.1% w of nanoparticles is significantly higher
than the foam stabilized with counterpart nanoparticle
and surfactant. In all cases, tertiary oil recovery
was significantly lower than the tertiary mode.
This phenomenon was attributed to the diffusion
regime governing tertiary recovery compared to the
convective regime in the secondary injection. In order
to prove this hypothesis, the aging process performed
in the core injection experiments was repeated in the
contact angle device. In the diffusion regime, the Nano
fluid could not change the wettability of the glass to
more water-wetness. The surfactant solution reduced
the glass oil-wetness by only 5 degrees. The mixture
of surfactant and nanoparticles brought this change in
wettability to 16. The Nano fluid, surfactant solution,
and mixture of surfactant and nanoparticles brought



the initial wettability of about 150° to 76°, 45°, and
23, respectively, which confirms the higher rate of
convective regime in the change of wettability. Based
on surface tension experiments, the superior behavior
of the surfactant and nanoparticle mixture was
attributed to the adsorption of surfactant molecules
on the nanoparticles and the surface activation of the
nanoparticles.
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