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ABSTRACT: Deep aquifers are evaluated as promising structures for geological carbon storage in terms of storage capacity. Deep
aquifers are a medium in which the pores are saturated with liquid, and capillary pressure acts during the injection of different fluids
such as carbon dioxide. To solve this problem, the use of additives such as surfactants is considered. In this study, surfactant was used
to reduce capillary pressure during carbon dioxide injection, and the effects of surfactant injection volume, and injection velocity
(carbon dioxide) on injection efficiency were evaluated by applying a surfactant-alternating-gas injection method at the pore scale to
consider the in-situ injection conditions. The results showed that carbon dioxide injection efficiency increased with increasing
surfactant injection volume; Glucopon 600 CSUP exhibited a continuous rise to 0.87 PV, whereas SDBS reached a maximum near
0.44 PV and then slightly declined. The efficiency as a function of carbon dioxide injection velocity indicated pronounced improvement
at 0.1 mL/min compared with 0.001 mL/min, and gains were limited under the lowest velocity regardless of surfactant type.
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1 INTRODUCTION

Geological carbon sequestration is reported as a promising
method to solve global warming caused by carbon dioxide
(CO2). A deep aquifer is a storage layer structure for
sequestration, and it is known to be promising due to its high
storage capacity (Gale, 2004; Metz et al.,, 2005; Jones &
Lawson, 2022). A deep aquifer is a porous structure saturated
with fluids such as water inside. When using additives such as
surfactants to improve the injection of COz in a porous medium
such as a deep aquifer, it is necessary to consider the conditions
in which pore water exists.

The enhanced oil recovery (EOR) industry is applying the
surfactant-alternating-gas (SAG) injection method, which
injects COz after pre-injecting surfactants into a storage layer
where oil exists to increase the recovery rate of crude oil
(Farajzadeh et al., 2009; Zhang & Agarwal, 2012; Sun et al.,
2021). Therefore, this study applied the SAG injection method
to evaluate the injection efficiency of CO2 when using
surfactants in a deep aquifer condition saturated with water. The
experiment was performed under the condition that the pore
water was pure water, and the injection efficiency was
evaluated by first injecting the surfactant according to the
concentration and injection amount and then according to the
injection velocity of COx.

Surfactants, or surface-active agents, play a crucial role in
reducing capillary pressure between immiscible fluids in porous
media, such as deep aquifers. Capillary pressure is primarily
influenced by interfacial tension (IFT) and contact angle (CA).
Based on this principle, researchers have investigated the
effects of surfactants on IFT and CA under various temperature
and pressure conditions. Their findings indicate that the IFT of
CO2 decreases with increasing pressure and converges at
approximately 12 MPa (Liang et al., 2017; Fabien et al., 2022).
The CA ranges from approximately 16° to 48° under
temperature conditions of 35-100°C and pressure conditions of
8-15 MPa (Jung & Wan, 2012; Saraji et al., 2013; Mutailipu et
al., 2019). The use of surfactants results in an IFT ranging from
5.4 to 18.5 mN/m. In the case of surfonic POA 25R2, the CA
under liquid carbon dioxide conditions is approximately 71.6°,
which is at least 20° higher than when no surfactant is used
(Kim & Santamarina, 2014).

As a method to consider the pore structure of the actual
storage layer, a method of fabricating a poly-di-methyl-siloxane
(PDMS) micromodel by utilizing the pore and pore neck
information extracted from the micro X-ray computed
tomography (CT) image of the drill core is widely applied
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(Karadimitriou et al.,, 2013; De et al.,, 2022; Mansouri-
Boroujeni, 2022). PDMS is a type of silicone polymer that
exhibits viscoelasticity and is suitable for use in a laboratory-
scale environment due to its transparency, non-toxicity, and
non-flammability (Murakami et al., 1998). In addition,
fabricating a micromodel based on PDMS is economically
advantageous compared to fabricating it using SiO2-based
quartz or glass, and it is easy to handle because it can be reused
(Karadimitriou et al., 2013).

2 MATERIALS & METHODS

2.1  CO:zinjection system using PDMS micromodel

The fluids used to evaluate the injection efficiency of CO2
are deionized water (DI water), surfactant solution, and gaseous
COz. The surfactant solution was prepared 0.01 wt% using
sodium dodecylbenzene sulfate (SDBS) and Glucopon 600
CSUP.

A micromodel is a porous medium that forms a network by
forming pores and pore trees. In this study, a PDMS
micromodel based on a drill core micro X-ray CT image is
fabricated to simulate the pore structure of an actual reservoir.
The fabrication process of a PDMS micromodel considering the
pore structure of an actual reservoir largely consists of micro X-
ray CT image acquisition, image processing, pore network
extraction, and CAD-based drawing creation. First, this study
uses an X-ray CT image of the Berea sandstone. After that, the
CT image is converted into a black-and-white binarized image
through thresholding after adjusting the brightness and contrast
using Image J software. After that, Pnextract software is used
to obtain network information on pores and pore trees from the
binarized image (Ryou et al., 2025). A two-dimensional CAD
drawing is created based on the acquired pore network
information. Finally, a PDMS micromodel is fabricated based
on the two-dimensional pore network drawing (Fig. 1).

The application procedure of the SAG injection method
using the PDMS micromodel-based injection system is as
follows (Fig. 2). 1) Deionized water is injected into the PDMS
micromodel using the syringe mounted on Pump B. 2) The
surfactant solution is injected into the tube connecting the
PDMS micromodel and the three-way valve using the syringe
mounted on Pump A according to the injection amount of the
experimental conditions (Table. 1). 3) The 100 kPa gaseous
COz formed through the Isco pump is injected after reducing
the pressure to 10 kPa using the back pressure regulator (Fig.
3). 4) The CO: injection was performed by injecting
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approximately 2,300 puL, which is 50 times the pore volume (46
puL) of the PDMS micromodel, and then photographing the
injection efficiency using a micro lens camera. The quantitative
injection efficiency is calculated using Image J software. Table
1 presents experimental conditions, including surfactant type,
concentration, injection volume, and injection velocities for
both the surfactant and COz. These velocities were set based on
the range observed at distances of 0.02—70 m from the injection
well at a GCS site, which is 0.84-4,190 m/d (0.00005-0.23
mL/min) (Chang et al., 2020).
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Figure 2. Schematic of CO: injection system using PDMS
micromodel.

Table 1. Experimental condition for the SAG injection at the
pore scale using surfactant

Case 1 2
Surfactant SDS glslggpon 600
E‘(I)tttl)zﬁntration 0.01 001

Surfactant

injection

volume [PV]

Surfactant
injection
velocity
[mL/min]

0.01

scCO,
injection
velocity
[mL/min]

0.001, 0.01, 0.1 0.001, 0.01, 0.1
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3 RESULTS AND CONCLUSION
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3.1  Effect of surfactant concentration

Figure 4 shows the pore occupancy patterns according to
the surfactant injection amounts (0.10, 0.22, 0.44, 0.87 PV; 5,
10, 20, 40 uL) when CO2 was injected after pre-injecting the
Figure 3. Procedure of the surfactant-alternating-gas injection

at the pore scale.

surfactant solution into the PDMS micromodel. The injection
conditions are a constant velocity control of 0.01 mL/min for
surfactants and 0.1 mL/min for COz. The red dotted box on the
right in each image is a mark to emphasize the tendency of the
COz-occupied area near the outlet to expand with increasing
injection amount. At 0.10 PV, the fingering is prominent,
leaving a large residual pore solution area, but as the injection
amount increases, the continuity of the COz stream improves,
and the residual solution pockets decrease. Above 0.44 PV, the
flow path becomes relatively stable, and at 0.87 PV, the CO2-
occupied area continues to increase, but the velocity of increase
becomes somewhat more gradual. These changes suggest that
the surfactant solution injection amount contributes to
controlling the movement path within the pores and reducing
the residual phase, thereby improving the injection efficiency.

Figure 5 presents the pore occupancy pattern according to
the surfactant injection amount (0.10, 0.22, 0.44, 0.87 PV; 5,
10, 20, 40 pL) when the PDMS micromodel was pre-injected
with Glucopon 600 CSUP solution and then COz was injected
as a binarized image. The injection conditions are 0.01 mL/min
of surfactant and 0.1 mL/min of COa. The red dotted box on the
right side of each image is a mark to emphasize how the CO2
occupied area expands near the outflow. As the injection
amount increases, the area occupied by CO: in the area
increases significantly, and the front continuity is also
strengthened.

Compared to the previous results using SDBS, the
following differences are observed. (1) At the same injection
amount, the Glucopon condition reaches the outflow area faster
or occupies a wider area, confirming the relative improvement
in injection efficiency near the outflow. (2) At the initial



injection level (0.10-0.22 PV), SDBS showed more severe
fingering and more residual aqueous phase pockets, whereas
Glucopon showed a relatively homogeneous occupation pattern
due to active micropore penetration. (3) Above 0.44 PV, the
flow paths of both surfactants were stabilized, but in the case of
Glucopon, even at the additional injection (0.87 PV), the
residual aqueous phase around the outlet was further reduced,
resulting in improved injection efficiency. This difference is
interpreted as the result of the differences in the interfacial
tension reduction characteristics and the intrapore movement
mechanisms of the two surfactants directly affecting the
injection efficiency and residual phase distribution.
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Figure 4. Binary images of the COz injected PDMS micromodel
with SDBS surfactant injection volume (surfactant injection
velocity: 0.01 mL/min, COz injection velocity: 0.1 mL/min).

Figure 5. Binary images of the COz injected PDMS micromodel
with Glucopon 600 CSUP surfactant injection volume
(surfactant injection velocity: 0.01 mL/min, CO2 injection
velocity: 0.1 mL/min).

3.2 Effects of the surfactant injection volume

Figure 6 compares the relationship between the surfactant
injection volume (PV) and the CO: injection efficiency (%)
under three CO: injection velocities (0.001, 0.01, and 0.1
mL/min). (a) shows the results for SDBS 0.01 wt%, and (b)
shows the results for Glucopon 600 CSUP 0.01 wt%.

In the case of SDBS (Figure 6a), the injection efficiency
rapidly increases to around 0.44 PV (around 90%) at 0.1
mL/min and then decreases slightly at 0.87 PV. At 0.01 mL/min,
it increases to 0.44 PV and then converges (around 80%), and
at 0.001 mL/min, only a gradual increase (around 60% — early
70%) is observed throughout the entire range. That is, SDBS
has a large efficiency improvement with increasing injection
amount at high COz injection velocity, but there is a peak where
the efficiency decreases after a certain injection amount.

In the case of Glucopon 600 CSUP (Figure 6b), the
efficiency increases with increasing injection amount under all
velocity conditions. At 0.1 mL/min, it continuously increases to
0.87 PV and reaches approximately 85% or more, and at 0.01
mL/min and 0.001 mL/min, it steadily increases to the mid-to-
late 70% and around 70%, respectively. It is characterized by
the fact that efficiency is maintained without a distinct peak.

When comparing the two surfactants, the efficiency
difference is not large in the initial injection amount section
(<0.22 PV) at the same velocity, but SDBS shows a tendency
to decrease after reaching the maximum efficiency at the
intermediate injection amount during high-velocity injection,
while Glucopon shows a stable increase throughout the entire
section. This is interpreted because of the difference in the
interfacial properties and pore distribution stability of the two
surfactants being reflected in the injection efficiency behavior.
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Figure 6. COz injection efficiency with the surfactant injection
volume (a) case of SDBS (b) case of Glucopon 600 CSUP.

4  CONCLUSIONS

This study compared and evaluated the injection efficiency
change according to the injection amount (PV) and injection
velocity by injecting COz after pre-injection of surfactant in a
PDMS micromodel. The binarized images were analyzed and
the efficiency was evaluated under the same experimental
conditions for SDBS (anionic) and Glucopon 600 CSUP
(nonionic) 0.01 wt% solutions.

The binarized images showed that as the surfactant
injection amount increased, the continuity of the CO: front
improved, and the residual pore water decreased. In particular,
the CO2 occupied area gradually expanded near the outlet,
suggesting that the increase in injection amount improved the
efficiency around the outlet. Under the SDBS condition,
fingering was significant at the initial injection amount, but
under the Glucopon condition, relatively homogeneous
injection was observed.

As aresult of efficiency, the efficiency of SDBS increased
rapidly to around 0.44 PV at high injection (0.1 mL/min) and
then decreased slightly at 0.87 PV. On the other hand, Glucopon
showed increased efficiency with increasing injection volume
at all velocities, and the efficiency improvement effect was
maintained even with additional injections. At low injection
velocity (0.001 mL/min), the efficiency improvement was
limited for both surfactants.

In the field, when using SDBS, a strategy is needed to
avoid excessive injections by setting the optimal injection
volume, and when using Glucopon, efficiency improvement
can be expected over a relatively wide injection volume range.
In addition, it was confirmed that controlling the COz injection
velocity was a key variable in improving efficiency. In future
studies, scale-up verification considering high-salinity
conditions, long-term residual behavior, and field-scale
applicability is required.
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