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Abstract: With increasing energy demands and depleting oil accessibility in reservoirs, the inves-
tigation of more effective enhanced oil recovery (EOR) methods for deep and tight reservoirs is
imminent. This study investigates a novel hybrid EOR method, a synergistic approach of nonionic
surfactant flooding with intermediate CO,-based oil swelling. This study is focused on the efficiency
of surfactant flooding and low-pressure oil swelling in oil recovery. We conducted a fluorescence-
based microscopic analysis in a microchannel to explore the effect of sodium dodecyl sulfate (SDS)
surfactant on CO, diffusion in Texas crude oil. Based on the change in emission intensity of oil,
the results revealed that SDS enhanced CO,; diffusion at low pressure in oil, primarily due to SDS
aggregation and reduced interfacial tension at the CO, gas—oil interface. To validate the feasibility
of our proposed EOR method, we adopted a ‘reservoir-on-a-chip” approach, incorporating flooding
tests in a polymethylmethacrylate (PMMA)-based micromodel. We estimated the cumulative oil
recovery by comparing the results of two-stage surfactant flooding with intermediate CO, swelling
at different pressures. This novel hybrid approach test consisted of a three-stage sequence: an initial
flooding stage, followed by intermediate CO, swelling, and a second flooding stage. The results
revealed an increase in cumulative oil recovery by nearly 10% upon a 2% (w/v) solution of SDS and
water flooding compared to just water flooding. The results showed the visual phenomenon of oil
imbibition during the surfactant flooding process. This innovative approach holds immense potential
for future EOR processes, characterized by its unique combination of surfactant flooding and CO,
swelling, yielding higher oil recovery.

Keywords: huff-n-puff; EOR; chemical EOR; carbon capture and storage; surfactant flooding;
reservoir-on-a-chip

1. Introduction

Energy demands continuously grow due to technological advancements, leading
to concerns about meeting these increased needs. According to the Institute for Energy
Research, energy consumption will increase by roughly 50% in 2050 [1]. Fossil fuels have
always been the primary energy source for humankind, and this trend will continue for
the foreseeable future to meet the energy demand. Despite significant attempts to shift
the energy source to other nonconventional and environmentally friendly sources, fossil
fuels have stayed the primary source of energy supply. Among various resources, crude
oil contributed 46.2% of total energy demand in 1973 and still accounts for almost 31% as
of 2019, proving to be the highest among all the energy sources [2]. These data show that
crude oil is an indispensable energy reserve to mitigate the energy crisis until a prominent
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environmentally friendly option is available. Unfortunately, crude oil is continuously
depleting, as its reserve is finite [3]. Therefore, oil extraction must be performed as efficiently
as possible to maintain the proportional oil supply. Fortunately, numerous enhanced oil
recovery (EOR) methods have been implemented to recover as much oil as possible from
depleted reservoirs.

The conventional oil extraction process has been mainly classified into three stages.
The first stage, or primary stage, is where oil is naturally extracted by five driving forces: dis-
solved gas-driven, water-driven, gravity drainage-driven, gas cap-driven, and combination-
driven [4]. Even with the aid of additional pumping systems to pump the oil out of the
production well, the first stage of oil recovery produces a small percentage of the original
oil in place (OOIP). It is then followed by the second stage of oil recovery, where external
fluids like water and gas are flooded through strategically located wells around the pro-
duction well to recover more oil through a volumetric sweep by maintaining the positive
pressure in the reservoir. Both first- and second-stage oil recovery produces around 33% of
the OOIP [5]. Even with the implementation of two stages, approximately 65% of OOIP
remains in the reservoir because the oil is trapped within small pores of the heterogeneous
reservoir structure with higher capillary forces and viscosity [6].

The tertiary recovery stage, or EOR, is implemented to extract the remaining oil using
various methods like thermal, chemical injections, and gas injections [7]. These methods
alter the reservoir surface and oil properties, including wettability, interfacial tension (IFT),
viscosity, and capillary pressure, potentially leading to increased oil recovery. Different
EOR methods are implemented based on the reservoir conditions. Thermal methods
like stem injection, electrical heating, and various energy input techniques are used to
increase the reservoir temperature, reduce oil viscosity, and increase oil mobility [8]. In
chemical methods, various surfactants, nanoparticles, or polymers are used to alter the
wettability of the reservoir surface to make it more water-wet by reducing the IFT of oil
and flooding fluid [9,10]. In gas EOR, air, carbon dioxide (CO,), nitrogen (N), and water,
alternating gas injections are used to reduce oil viscosity. This is achieved through the
expansion of oil volume by gas dissolution and the miscibility between oil and gas [11].
Among all these EOR methods, thermal methods account for 67% of all the global EOR
projects due to their comparatively high performance [8]. However, thermal methods
cannot be applied effectively in deep reservoirs or thin pay zone reservoirs, which contain
comparatively narrow hydrocarbon layers, primarily due to significant heat losses in these
environments [12]. Moreover, thermal techniques are energy-intensive and have higher
operational costs, limiting their feasibility in regions with challenging geological conditions.
As exploration ventures deeper into the earth’s crust, the increasing reservoir depth and
high pressures make thermal methods less efficient and economically unviable. Chemical
EOR methods, while promising, often face challenges such as surfactant adsorption onto
the reservoir rock, which reduces the active concentration of the chemicals and limits their
effectiveness. In addition, gas injection methods like CO; flooding, though widely studied,
suffer from low sweep efficiency and gas channeling in heterogeneous reservoirs, leading to
incomplete oil displacement. Particularly, CO,-based EOR methods have emerged as a focal
point of research due to their dual benefits: enhancing oil recovery and simultaneously
providing a means for carbon storage, thus contributing to climate change mitigation.
Despite these advances, there remains a need for innovative approaches that improve
CO; utilization efficiency and address surfactant loss, interfacial tension reduction, and oil
mobility, particularly in low-pressure reservoirs.

To overcome these limitations, hybrid methods that combine chemical and gas-based
EOR strategies have drawn significant attention [13,14]. Particularly, CO,-based EOR
methods have emerged as a focal point of research due to their dual benefits: enhancing oil
recovery and simultaneously providing a means for carbon storage, thus contributing to
climate change mitigation. Despite these advances, there remains a need for innovative
approaches that improve CO, utilization efficiency and address surfactant loss, interfacial
tension reduction, and oil mobility, particularly in low-pressure reservoirs. Oilfield devel-
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opment and CO; flooding have an impact on the development of the oil industry in terms
of EOR [15,16].

Many approaches related to CO, injection-based EOR are available, including contin-
uous CO; injection, water alternate CO, injection, and a CO,-based huff-n-puff method.
The huff-n-puff method is considered the most effective among all the CO,-based EOR
methods [12]. In this method, high-pressure COj is injected into the oil reservoir, and oil
is mobilized. This is followed by a soaking period, during which the reservoir is sealed
while CO; is dissolved into the oil [17,18]. During this period, the oil swells and becomes
less viscous due to CO; dissolution. In the final stage, the well is opened, and the swollen
oil is recovered due to the driving force generated by injected CO, pressure [19]. This
method could be further improved by integrating chemical flooding. Recently, the potential
of the nonionic polyether surfactant-assisted huff-n-puff method was tested in the core-
based flooding experimental research [20]. It was found that additional surfactant flooding
improved 14-19% of oil recovery compared to only the huff-n-puff method [20]. These
promising results led us to propose a novel method of using an anionic surfactant flooding
with intermittent CO, swelling.

The primary hypothesis of this study is that the strategic implementation of surfactant
flooding before and after a CO;-induced oil swelling stage can significantly enhance oil
recovery. Initially, surfactant flooding recovers more oil by using the wettability alteration
mechanism, where the surfactant is absorbed by the immobile oil and changes the wettabil-
ity of the reservoir rock to be more water-wet [21]. This absorption process not only aids in
immediate oil recovery but also prepares the oil for subsequent stages. Following this, oil
swelling is induced by CO; injection. The absorbed surfactant during the initial flooding
helps to enhance the oil swelling process by improving the CO, solubility in oil, resulting
in greater oil volume expansion and better mobilization within the reservoir. Finally, a
second stage of surfactant flooding is performed to mobilize the swelled oil, which is easier
to extract due to its reduced viscosity. Additionally, this second flooding gets access to
the small pores that were not accessible during the initial flooding. By combining these
stages, the study aims to maximize oil recovery through the synergistic effects of surfactant
absorption, wettability alteration, CO, dissolution, and oil mobilization. This sequential
approach not only enhances oil swelling but also ensures that more oil is tapped from
previously inaccessible areas of the reservoir, leveraging the surfactant absorbed during
the initial flooding to facilitate greater CO;-induced swelling.

To investigate this hypothesis, we have chosen to use a microfluidic approach. Pre-
viously published literature has validated microfluidic approaches in EOR studies, such
as ‘lab-on-a-chip” and ‘reservoir-on-a-chip’, due to their excellent experimental frame-
work with precise reproduction and economic feasibility [22-24]. In this study, we have
conducted two types of experiments: a fluorescence-based microscopic experiment and
a microfluidic reservoir-based flooding experiment. A fluorescence-based microscopic
experiment was conducted to investigate the effect of SDS surfactant on CO, dissolution
in oil, providing crucial insights into the chemical reactions involved. A micro reservoir
flooding experiment was performed to investigate the improvement in oil recovery using
the proposed method, demonstrating its practical applications. All the experiments were
performed at low CO,; pressure, as the experimental goal is solely to demonstrate the
potential of the proposed hybrid huff-n-puff in EOR.

2. Materials and Methods
2.1. Materials

CO; (Research 5.0 Grade—99.999% purity) was obtained by Airgas, Inc. (Radnor, PA,
USA). Sodium dodecyl sulfate (SDS, >99% purity) was purchased from Sigma Aldrich
(St. Louis, MO, USA). Polymethylmethacrylate (PMMA) clear sheets were purchased from
McMaster-Carr (Elmhurst, IL, USA). Texas crude oil (density 796 kg/m? and viscosity
27.26 cP) was used for the experiments.
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2.2. Experimental Method
2.2.1. Fluorescence-Based Oil Swelling

To implement an accurate quantification of time-dependent oil swelling by SDS
and CO; gas, we prepared a microfluidic platform consisting of a PMMA channel
(L5 mm (W) x 5 cm (L) x 1 mm (H)), inlet and outlet ports connected to the injection solu-
tions and a Petri dish, respectively. The thickness of the microchannel was chosen to be
1000 um to guarantee one-dimensional (1D) diffusion of CO, gas into oil. It should be noted
that PMMA has excellent transmission of visible light (>92%), suitable for direct optical
microscopy. PMMA sheets were cut using a laser cutter (Universal Laser Systems, Inc.,
VLS 2.30, Scottsdale, AZ, USA) with a unique AutoCAD design. As shown in Figure 1, the
PMMA sheet containing the microchannel was stacked with two other PMMA sheets, top
and bottom. The top sheet was cut to create two holes for the inlet and outlet ports, while
the bottom sheet was kept plain. These three sheets were thermally bonded in a sandwich-
style arrangement to create a trapped microchannel in the middle. For thermal bonding,
a solution with a 7:3 ratio of isopropyl alcohol (IPA) and ethanol was used between the
sheets, and then the PMMA assembly was placed in the oven for 30 min at 50 °C. The 50 °C
was used to keep the channel’s shape intact [25]. A special nano port fitting (IDEX Health
& Science, N-333, Manhattan, NY, USA) was clamped with two additional PMMA sheets
(3.175 mm thick) and four screws to ensure effective injection of CO, without leakage.
Approximately 90 pL of oil was injected into the microchannel using the syringe pump, and
the inlet was carefully closed. A pressure controller was used to maintain the CO, gas at a
constant pressure on the other end of the channel. The microchannel was placed under the
UV light source (Figure 1). Crude oil naturally exhibits autofluorescence due to the presence
of polycyclic aromatic hydrocarbon (PAH) compounds under UV light, which changes its
emission intensity because of its swelling upon CO, dissolution [26,27]. Figure 1b shows
an example of experimental images of oil’s emission change in the microchannel over time
under constant CO, pressure.

Pressure
(a) controller (b)
Microscope
Top PMMA
~—
r'd
~Bottom
O I_ PMMA
uv I-ight oil

source

(EEED -

Figure 1. (a) Illustrative image of experimental set up. (b) Actual experimental results, showing the
change in emission intensity of oil over time due to CO, dissolution.

2.2.2. Flooding Experiments in Micromodels

For flooding experiments, we employed a ‘reservoir-on-a-chip” approach in micro-
models. PMMA-based micro reservoirs containing random pore structures were engraved
over the 50 mm X 25 mm engraved area with a laser cutter. The porous network was
generated by MATLAB random network generation code and modeled in AutoCAD 2022.
The engraved surface was analyzed by a 3-D profilometer (Keyence, VR-6100, Itasca, IL,
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USA), as shown in Figure 2. The analyzed images show that the average pore depth of the
micro reservoir is 1 mm, with minimum and maximum depths of 0.25 mm and 1.997 mm,
respectively. The pore volume of the entire reservoir was estimated to be 200 pL.
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Figure 2. The 3-D profile scan of the reservoir surface by a 3D profilometer (Top left). The linear
measurement of the depth analysis for different pores (top right and bottom).

The engraved PMMA surface was thermally bonded with another PMMA sheet with
the two inlet and outlet holes (Figure 3b). Thermal bonding and nano port fittings were
performed in the same manner as described in Section 2.2.1. The crude oil was filled into
the vacuumed porous media to minimize air entrapment during oil injection. After the
oil was filled into the porous media, the flooding solutions were injected at 20 uL/min for
30 min as first-stage flooding. The 30 min duration was decided based on the experimental
trials, where further oil recovery is negligible. Following the flooding, CO, gas was injected
into the reservoir, and the outlet was closed for 6 h to simulate the soaking stage of the
conventional huff-n-puff process. The 6 h time duration range was selected with reference
to previously published articles [28]. Lastly, the reservoir was flooded again with the same
flow rate for the same duration as the first flooding. This experiment was conducted with
deionized (DI) water flooding and 2% (w/v) SDS-based DI water (SDS-DI water) solution
flooding, respectively, at 5, 10 and 15 psig CO, gas pressures. As shown in Figure 3a,
the experiment was recorded with a Logitech camera at 30 frames per second. The oil
swelling stage was recorded as a time-lapse where there is a 30 s interval between each
frame to conserve the computation time. The recorded data were analyzed using MATLAB
R2022b to quantify the oil produced in each test. Each test was conducted using a new
microchannel Each test was conducted using a new microchannel as the PMMA fabrication
is inexpensive and to avoid any potential error related to cleaning and washing.
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Figure 3. (a) [llustrative experimental set up for flooding experiment in a micromodel. (b) Actual

image of the micro reservoir chip. (c) Optical microscopy image of the reservoir filled with oil.
(d) Optical microscopy image of the reservoir after SDS-DI water flooding.

3. Results and Discussion
3.1. SDS on COy-Induced Oil Swelling

CO, dissolution in oil is a well-established and published topic as it creates oil swelling
and reduces the oil viscosity, subsequently making the oil more mobile [29]. This process
is slow and requires high CO, pressure to see the measurable change of oil properties
on a large scale. Many experiments have been conducted on a microscale to observe the
property change and oil swelling at low pressures [30,31]. In the microfluidic approach,
CO, dissolution and its rate are usually estimated based on image analysis. Therefore, we
conducted a fluorescence-based microscopic experiment to investigate the effect of SDS on
CO, dissolution in oil. Using fluorescence microscopy, we observed the time-dependent
intensity change of oil at the CO,—oil interface in a closed-ended microchannel under
constant CO; pressure. The changes in fluorescence intensity of the oil according to its
concentration provide a visual representation of the CO, dissolution process, enabling a
comparative study under different conditions without the need for dissolution units [29].
Our study is intended to compare the effect of SDS on CO, diffusion in oil, i.e., oil swelling,
instead of measuring the absolute CO, diffusion and dissolution rate in the oil. We analyzed
these effects using pure crude oil with 2% (w/v) SDS.

Figure 4 presents the changes in normalized fluorescence intensity along a microchan-
nel filled with pure crude oil and 2% (w/v) SDS mixed oil at CO, pressures of 5 and 10 psig.
Each plot includes data collected at 0, 180, and 360 min after oil was pressurized under
identical flow conditions. Initially, the fluorescence intensity is zero, indicating no oil
presence at that point. The abrupt intensity changes depict the CO, —oil interface, which
was consistently positioned at the start of CO; injection. As CO; diffuses into the oil, the
fluorescence intensity decreases from the interface along the channel over time (0, 180,
360 min) due to oil swelling. Figure 4a,b show the change in normalized oil intensity in
pure oil and SDS mixed oil at 5 psig CO, pressure, respectively. It shows that the rate
change in intensity is comparatively prominent in SDS mixed oil over time (from 0 min
to 180 min and to 360 min). Similarly, the rate change in intensity is more significant at
10 psig CO, pressure upon SDS addition. Figure 4d represents the highest intensity change
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or, indirectly, the highest CO, dissolution in oil among all cases. Overall, the SDS-mixed oil
shows higher intensity transitions compared to pure oil, indicating better CO, diffusion.
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Figure 4. An illustrative image showing the intensity profile location in a microchannel. Fluorescent
intensity profiles for pure oil and SDS-mixed oil along the channel at three different time intervals:
0 min, 180 min, and 360 min. (a) Pure oil at 5 psig CO, pressure. (b) 2% (w/v) SDS mixed oil at

5 psig CO, pressure. (c) Pure oil at 10 psig CO, pressure. (d) 2% (w/v) SDS mixed oil at 10 psig
CO; pressure.

To quantify the CO; diffusion rate into o0il, exponential curve fitting was applied to
the normalized intensity values from 0.2 to 1, excluding initial values, to avoid the CO,-oil
interface effect. Figure 5 shows the normalized fluorescent intensity along the microchannel
for pure oil and SDS-mixed oil at 180 and 360 min, along with their exponential fits.
Although they show some variations in the changes in normalized fluorescence intensity
over time, it reaches its saturation, which is 1, at a distance of approximately 2000 or
2500 pum from the 0il-CO, interface, indicating negligible CO, diffusion effect at this
location. This behavior can be clearly seen in the asymptotic behavior beyond 0.9 intensity
in all cases. A shorter distance for the same intensity change implies a steeper exponential
curve, which indicates faster CO, diffusion. The distance of the intensity changes allows us
to evaluate the relative diffusion rate of CO; in oil under different injection pressures and
oil surface tension.
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Figure 5. Fluorescent intensity profiles for pure oil and SDS-mixed oil at 180 and 360 min, along with
their exponential fits. (a) Pure oil at 5 psig CO, pressure. (b) 2% (w/v) SDS mixed oil at 5 psig CO,
pressure. (c) Pure oil at 10 psig CO, pressure. (d) 2% (w/v) SDS mixed oil at 10 psig CO, pressure.

To perform a comparative evaluation of the CO, diffusion rates in oil under different
conditions, we estimate the distance corresponding to the identical change in normalized
fluorescence intensity for different conditions of injection pressure and reduced surface
tension of oil upon SDS addition. Table 1 summarizes the distances corresponding to
changes in normalized fluorescence intensity (FI) from 0.2 to 0.9 under different conditions.
It should be noted that a shorter distance for the same intensity change demonstrates a faster
CO, diffusion rate in oil. The data show that adding SDS results in shorter distances for
the same intensity change, indicating faster CO, diffusion in oil. For instance, the distance
for the intensity changes from 0.2 to 0.9 is 895 pm in SDS-mixed oil at 10 psig and 360 min,
compared to 2225.6 um in pure oil. This pattern holds reasonably well in all conditions,
with SDS-enhanced oil consistently showing shorter distances, thus demonstrating more
efficient CO, diffusion over time. However, at 5 psig and 180 min, the distance for the
intensity change from 0.2 to 0.9 in SDS-mixed oil (2320.7 um) is unexpectedly higher
compared to 5 psig without SDS (2358.2 um). This anomaly is attributed to the less accurate
fit of the pure oil data at 5 psig, and the difference is within the error range of multiple tests.
Additionally, the change in CO, diffusion upon SDS addition at 5 psig is not as significant
as observed at 10 psig. The overall trend, however, still supports the conclusion that adding
SDS at higher injection pressure enhances the rate of CO, diffusion into the oil.
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Table 1. Distances between two datapoints corresponding to fluorescence intensity (FI) change from
0.2 to 0.9 on the exponential fit for pure oil and SDS-mixed oil at 5 and 10 psig CO, pressures,
measured at 180 and 360 min.

Distance [um]

Injection Pressure (FI: 0.2 to 0.9)

5 psig CO, Pure oil at 180 min 2358.2
Pure oil at 360 min 2395
SDS-oil at 180 min 2399.9
SDS-oil at 360 min 2320.7

10 psig CO, Pure oil at 180 min 2220.9
Pure oil at 360 min 2225.6
SDS-oil at 180 min 2008.1
SDS-oil at 360 min 895.31

The increase in the rate of SDS-induced CO; dissolution into oil is largely attributed
to the amphiphilic property of SDS. An amphiphilic molecule such as SDS has both a
hydrophobic tail and a hydrophilic head, allowing it to interact with both oil and CO; [30].
Upon SDS addition into the system containing oil and CO,, it reduces the surface tension
between them, which makes CO, dissolution easier in oil. By adsorbing at the CO,—o0il
interface, the SDS molecules lower interfacial tension (IFT), reducing the energy barrier for
CO;, transport across the interface (Figure 6). This lowered IFT enhances the mass transfer
efficiency of CO; into the oil phase, enabling finer dispersion of CO, and increasing the
contact area. Consequently, CO, molecules penetrate more effectively into the oil phase,
improving their solubility and facilitating oil swelling.

B O N (¥

SDS Asphaltene CO,
polymers

—

NN
NN

N

Strong IFT Weak IFT

Figure 6. Illustrative image representing the reduced IFT between oil and CO; in presence of SDS.

In SDS, molecules naturally form structures called micelles, where the hydrophobic
tails cluster together in the center, away from water, while the hydrophilic heads face
outward, micelle formation is unlikely in oil at the low SDS concentrations used in our
study [32]. Instead, SDS molecules aggregate at the CO,-oil interface, creating localized
microenvironments that enhance CO; absorption and solubility. This adsorption-driven
mechanism modifies the diffusion pathways of CO,, ensuring deeper penetration and
uniform distribution into the oil phase. As a result, the enhanced dissolution of CO, leads
to significant oil swelling, reducing the viscosity of the oil and improving its mobility.
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3.2. Hybrid Huff-n-Puff in Micromodels

To evaluate the potential application of the proposed hybrid huff-n-puff in EOR, the
micro reservoir model resembling the complex pore structure of the geologic reservoir
was used for the flooding experiments. Initially, the micro reservoir model was vacuumed
and filled with crude oil. The total amount of oil in the reservoir is known as the original
oil-in-place (OOIP). As mentioned earlier, these flooding experiments were conducted in
three stages: first flooding, oil swelling, and second flooding. For the flooding experiments,
DI water and DI water with 2% (w/v) SDS surfactant were used as the flooding fluids to
analyze the effect of SDS. In the first stage, flooding was performed with DI water or DI
water-SDS at the flow rate of 20 uL/min for 30 min. This duration was selected based
on the observation that flooding beyond 30 min yielded negligible additional oil recovery.
The oil recovery was quantified through image processing of recorded video footage using
MATLAB R2022b software. The process involved capturing an initial reference image of the
oil-saturated porous medium before flooding to define OOIP. During the flooding process,
changes in greyscale pixel values between the reference image and subsequent frames
were analyzed to identify oil displacement, where darker regions represented oil and
lighter regions indicated cleared areas. The pixel intensity differences were correlated to oil
volume, providing a quantitative estimate of oil recovery. To ensure accuracy, consistent
lighting conditions, camera calibration, and preliminary tests with known oil volumes
were performed. This method has been used in many published articles [23]. Figure 7
shows time-dependent oil recovery during the first-stage flooding with pure DI water and
SDS-DI water. In the case of pure DI water flooding, around 10% of OOIP was displaced
over 30 min. Upon 2% (w/v) SDS addition in DI water, 13.5% oil recovery was achieved
during the same flooding experiment period. This 3.5% improvement in oil recovery can
be attributed to the adsorption mechanism of SDS surfactants, as explained earlier.

20 T T T T T T T T

Dlwater
18 SDS-DI water | 7

16 [ g
14 ]

12 1

/ " /V-T\AW
i\ /’f/:i/)/ﬂ/ _
|- |

) 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Qil recovery (%)

Figure 7. Oil recovery during DI water flooding and SDS-DI water flooding.

Upon analyzing the video to validate results, we found that the breakthrough during
flooding occurred at 808 s and 850 s in DI water and SDS-DI water flooding, respectively.
Although the 42 s delay is not significant, it can be attributed to the comparatively broader
sweep volume of the pore network by SDS-DI water. In other words, the SDS-DI water
solution could penetrate deeper into the pores and take longer to reach the production port
than DI water. (The drop in oil recovery for SDS-DI water, as shown in Figure 7, is due
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to a small disturbance observed around 850 s. After breakthrough, residual oil from the
tiny pores was mobilized and carried into the main channels along with the flooding fluid.
This caused a temporary drop in the recorded intensity values, which is reflected as a spike
error in the recovery curve.) Due to the adsorption mechanism and IFT reduction caused
by surfactants, the SDS-DI water solution was able to imbibe the oil from tiny pores more
effectively, thereby sweeping a larger pore volume. The oil imbibition phenomena can be
visually seen during the experiment, as shown in Figure 8 (see Supplementary Video S1).
Two images were taken approximately at 30 min (almost at the end of the flooding) of the
DI water and SDS-DI water flooding experiment. The highlighted section shows the exact
pore network in both cases, where it is apparent in the red-circled area that SDS-DI water
flooding could reach deeper into the pore network than DI water.

DI water floodlng ‘ DI water-SDS floodlng

No 0|I displacement

oil displacement

Figure 8. Comparison of oil displacement from the pore network between DI water and SDS-DI
water flooding. The red circle shows the same area of the pore network in both cases where DI water
flooding shows no oil displacement, whereas in DI water—SDS flooding, the oil shows being imbibed
by flooding fluid. The image contrast has been changed for the visualization purpose.

To simulate the hybrid huff-n-puff process in the tested micromodel, after the first
flooding stage, an intermediate oil swelling by CO; (i.e., soaking) for 6 h was performed,
followed by second flooding. This 6 h duration was chosen based on previous fluorescence-
based microscopic experiments for CO; dissolution in oil. In conventional CO,-based
oil swelling methods, such as huff-n-puff, oil recovery is primarily driven by the volume
increase and reduced viscosity due to the swelling of the oil. However, the proposed hybrid
approach can potentially enhance oil recovery further by incorporating this second flooding
stage after the intermediate oil swelling stage. Chronologically, the first flooding stage
recovers some oil but leaves a significant portion trapped in tiny pores. Subsequently, CO,
is injected into the reservoir, causing the oil to swell and become more mobile, which adds
to total oil recovery. After this intermediate swelling stage, the second flooding stage targets
the remaining oil that was previously inaccessible. The removal of the swollen oil creates
new pathways for trapped oil into tiny pores and reduces oil saturation, allowing the
second flooding to sweep out additional oil that was previously trapped. This sequential
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process maximizes oil recovery by combining the benefits of multiple operations. We would
like to clarify that due to the low pressure of CO, and low SDS concentration, CO, foam
was not observed.

We conducted a total of six different experiments, namely, DI water floodings with
intermediate oil swelling and SDS-DI water floodings with intermediate oil swelling. Each
case was repeated with three different CO, pressures of 5, 10, and 15 psig. The recorded
experiments lasted 25,200 s, consisting of two 1800 s (30 min) of floodings and 21,600 s
(6 h) of oil swelling. Figure 9a shows DI water flooding and oil swelling at 5 psig CO,
pressure and second DI water flooding with their cumulative oil recovery in three different
colors. The blue line shows the first flooding, which was 30 min long, and the line shows
a steeper curve due to initial oil displacement. Following that, the orange-colored line
shows CO;-based oil swelling for 6 h. During this time, oil is not being recovered due to
its swelling, the intensity value changes, and that change can be attributed to the slope of
this line. Lastly, the yellow-colored line shows the second flooding, where the swelled oil
is displaced. Due to the different time scales between flooding and oil swelling, it could
be challenging to analyze the plot. Therefore, modifications were made to represent the
complete plot of an experiment. In Figure 9b, the time axis has been trimmed from 5000
to 20,000 s to make the cumulative oil recovery visible in the plot for six different tests
(Figure 10); for complete data, see Supplementary Information (SI).
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Figure 9. (a) Cumulative oil recovery during the DI water flooding with the intermediate oil swelling
at 5 psig. First flooding (blue line), CO,-based oil swelling (orange line), second flooding (yellow
line). (b) Trimmed time axis for better representation of the plot.

Figure 10a,b show the cumulative oil recovery by DI water and SDS-DI water flooding
at 5 psig CO; pressured oil swelling. DI water flooding-based CO, oil swelling produced
around 16% of OOIP, whereas SDS-DI water flooding-based CO, oil swelling showed
around 25% of oil recovery. This suggests that adding nonionic surfactant has been proven
to improve oil recovery by 9%. Similarly, Figure 10c,d show the DI and SDS-DI water
flooding at 10 psig pressured CO, oil swelling. The cumulative oil recovery in the DI water
flooding case increased from 16% to 20%, whereas in the SDS-DI water flooding case, the
cumulative oil recovery increased from 25% to 36% of OOIP. The improved oil recovery at
10 psig suggests that oil swelling is improved along with the higher pressure. However, the
oil swelling at higher pressure yielded an increase of only 4% in the DI water case, whereas
it was 10% for the SDS-DI water case, which shows a positive effect of SDS in oil swelling.
Lastly, cumulative oil recovery at 15 psig CO, oil swelling is shown in Figure 10e,f. The DI
water flooding case showed around 28% oil recovery. Even though 15 psig CO, pressured
oil swelling with SDS-DI water flooding shows the highest oil recovery of approximately
37%, its improvement is very small compared to the previous 10 psig CO, pressured oil
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swelling. Based on our data, we believe that oil production is almost at saturation at 10 psig

with SDS-DI water.
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Figure 10. Cumulative oil recovery in flooding experiments. (a) DI water floodings with intermediate
oil swelling at 5 psig. (b) SDS-DI water floodings with intermediate oil swelling at 5 psig. (c) DI water
floodings with intermediate oil swelling at 10 psig. (d) SDS-DI water floodings with intermediate oil
swelling at 10 psig. (e) DI water floodings with intermediate oil swelling at 15 psig. (f) SDS-DI water
floodings with intermediate oil swelling at 15 psig.

4. Conclusions

This study represents an evaluation of the hydride huff-n-puff-based enhanced oil
recovery (EOR) technique. The single-channel microfluidic experiments showed improved
CO, dissolution in oil at low pressure upon the addition of 2% (w/v) SDS, attributing to
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surfactant micelles formation at the CO,—oil interface. The viability of the SDS-CO;-assisted
EOR via oil swelling was demonstrated by the huff-n-puff flooding using the ‘reservoir-
on-a-chip” approach with the PMMA-based micro reservoir. Six different experiments,
including both DI water and SDS-DI water flooding with 5, 10 and 15 psig CO, pressured
intermediate oil swelling, were tested. The DI water flooding showed a breakthrough
at 808 s, whereas SDS-DI water flooding at 850 s. The 42 s delayed breakthrough can
be attributed to the larger sweep area of SDS-DI water flooding compared to DI water
flooding. The longer breakthrough time in SDS-DI water flooding is due to reduced
interfacial tension and wettability alteration from the adsorption mechanism. The DI water-
based flooding with 5 psig CO;-pressured oil swelling showed cumulative oil recovery of
16% of OOIP. In the same experiment, the cumulative oil recovery was 25% with SDS-DI
water flooding. At 10-psig CO, pressure, the cumulative oil recovery in DI water and
SDS-DI water flooding was 20% and 36%, respectively. At 15-psig CO, pressure, the oil
recovery was 28% and 37% in DI water and SDS-DI water flooding, respectively. The
trend of achieving high oil recovery with higher pressure was maintained in the DI water
flooding. However, in the case of SDS-DI water flooding, the improvement in oil recovery
from 10 psig to 15 psig was less pronounced, possibly due to the saturation limit of oil
recovery. This study concludes that the nonionic surfactant flooding with a CO;-based
intermediate oil swelling approach holds great promise as a future EOR method. To further
validate the applicability of this method in reservoir recovery, future studies could focus on
incorporating sandstone or carbonate rock-mimicking surfaces in the microchannel setup
to better replicate geological reservoir conditions. Additionally, conducting core flooding
experiments on actual reservoir cores or rock analogs would provide further insights into
the performance of the method under more realistic reservoir conditions.

These advancements would help bridge the gap between laboratory-scale microflu-
idic studies and large-scale field applications, offering a clearer understanding of how
different geological settings, such as sandstone and carbonate reservoirs, influencing the
recovery mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app142412078 /51, Figure S1: Comprehensive figure of cumulative
oil recovery; Video S1: Flooding comparison with and without SDS
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