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ABSTRACT: Carbon dioxide (CO2) injection has been widely
used in conventional reservoirs for enhanced oil recovery and CO2
sequestration. Nevertheless, the effectiveness of CO2 injection in
tight reservoirs is limited due to diagenetic processes that impact
displacement efficiency. This research work assesses the perform-
ance of CO2 injection in tight reservoirs and evaluates oil
mobilization and fluid distribution within the rock pore systems.
A set of experiments, including routine core analysis, X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
mercury injection capillary pressure (MICP), was performed on
Scioto sandstone. Three core-flooding runs were conducted to
evaluate oil recovery of different injection schemes, including
tertiary miscible CO2 injection, secondary immiscible CO2 injection, and secondary miscible CO2 injection. A nuclear magnetic
resonance (NMR) spectrometer was utilized to evaluate the fluid distribution in pre- and postflooding schemes. Results show that
secondary miscible CO2 injection provided the highest displacement efficiency (Ed) of 88%, with oil mobilized from both micro- and
macropore systems, leading to the highest oil recovery of 93% original oil in place (OOIP). Tertiary miscible CO2 injection had Ed of
67%, providing an ultimate oil recovery of 79% OOIP mostly from the macropore system. Limited contribution of micropores
during the tertiary miscible CO2 injection is attributed to the increased water content as a result of previously conducted secondary
water flooding. Secondary immiscible CO2 injection showed the least oil recovery among the injection schemes of 68% OOIP, which
is attributed to the unstable displacement, as indicated by Ed of 52%. The efficiency of pore fluid displacement was determined
through NMR analyses, and the findings are in line with the displacement efficiency values obtained from core-flood experiments,
with a strong positive correlation. This finding is a promising strategy for determining a suitable CO2 injection scheme in tight rocks
for oil recovery and CO2 storage.

1. INTRODUCTION
Despite the world currently transitioning to renewable energy,
oil remains the primary global energy source, contributing about
32% to the total energy sources, and it is expected to increase by
around 6% in 2028.1 This underlines the importance of
improved and enhanced oil recovery (IOR/EOR) to increase
oil production from both conventional and tight reservoirs to
meet global oil demand. Conventional reservoirs are often
characterized by high reservoir quality, producing oil using
natural drive mechanisms.2 As production continues, the natural
drive mechanisms become insufficient to maintain the
reservoir’s energy, resulting in a lower oil recovery, typically
less than 10% of the original-oil-in-place (OOIP).3 Therefore,
secondary methods are utilized by injecting water or gas to
maintain pressure and hence increase oil recovery.4 When oil
recovery from secondary methods is insufficient, tertiary
recovery or EOR is performed to sweep residual oil that cannot
be targeted by secondary methods. EOR methods are

categorized into thermal processes, such as steam injection
and in situ combustion,5 chemical methods, such as surfactant
polymer and polymer flooding,6 and miscible or immiscible gas
injection, based on the type of gas injected, in situ oil, and
reservoir conditions.7

Unlike the development plans of conventional reservoirs, tight
rocks are characterized by low permeability (typically <1mD)
and complex pore size distribution, covering both micro- and
macropore systems. The complexity of pore systems can render
fluid mobilization in tight rocks; therefore, attention is required
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for selecting optimal recovery methods for economic
production.8

Table 1 lists the main recovery methods utilized in the tight
reservoirs. One commonly applied recovery method is multi-
stage fracturing (MF), which is cost-effective compared to other
recovery techniques.9 However, MF shows low oil recovery (5−
10% OOIP) due to low-pressure connectivity. In addition, the
induced fractures might reach nearby water formations, resulting
in high water production and environmental issues.10 Water-
flooding is a widely applied and economically feasible recovery
method, with oil recovery ranging from 15 to 38% OOIP;
however, it is not appropriate in tight reservoirs.11 The low
recovery using waterflooding in tight reservoirs is due to its low
injectivity and small pore-throat sizes, which cause high capillary
pressures, resulting in poor microscopic displacement efficiency
(Ed).

12 Ed refers to

S S
S

oi or

oi (1)

where Soi represents the initial oil saturation and Sor represents
the oil remaining in the rock.
Waterflooding can also cause clay swelling, reduction in

permeability, and hence, recovery efficiency.13 In addition, due
to the difference in viscosity between displacing and displaced
fluid, water channeling can lower volumetric sweep efficiency.14

Gas flooding is the superior tertiary EOR choice because it
reduces post-waterflooding residual oil. CO2-EOR is a popular
tertiary gas injection,15 which has recently gained significant
amounts of attention for its environmental benefits (i.e., CO2
geo-storage).16

CO2 is injected into a reservoir in miscible or immiscible
modes. The immiscible injection is cost-effective compared to
the miscible injection with CO2 injected below the minimum
miscibility pressure (MMP), at which CO2 partially dissolves in
the oil phase. However, this method can result in unfavorable
mobility ratios, especially in tight reservoirs, leading to poor
displacement efficiency.17 Furthermore, the discrepancy in
density between the injected CO2 and the in situ oil promotes
gravity override, reducing the amount of the recoverable oil.18

Several studies indicate that miscible CO2 injection provides
higher oil recovery (typically >90% OOIP) than immiscible
injection19−21 due to significant reduction of interfacial tension,
oil swelling, and oil viscosity reduction.22

Previous studies have revealed that injecting CO2 is an
effective approach for improving oil recovery in tight
formations.23−25

Nevertheless, a knowledge gap exists regarding the perform-
ance of CO2 injection in the micropore systems of tight
reservoirs.
Tight rocks have complex pore systems, including micro- and

macropores, due to depositional and diagenetic processes.26

Macropores are voids between detrital grains, which form during
the depositional process, while micropores originate before the
depositional process and commonly exist between grains and
authigenic clay minerals.27 Compaction, the presence of quartz
overgrowth, and small grain size can reduce the contribution of
macropores in tight sandstones.28,29 In contrast, clay coating
prevents quartz overgrowth and thus preserves macropores.30

Understanding these systems and their controlling factors is
essential for selecting the optimal recovery method. A
comprehensive study of petrographic and petrophysical analyses
of different sandstones has been carried out to assess the
contribution of the micropore system during CO2-EOR and/or
CO2 sequestration,

31 which was based on routine core analysis,
morphology, andmineralogy of different sandstones. The results
indicate the presence of fibrous illite acting as pore bridging
particles reducing the micropore throat system and hence
lowering the microthroat modality ratio (MTMR), leading to a
significant drop in microfluid content in tight sandstone
samples. MTMR is a dimensionless number that relates the
microthroat size to the macrothroat size in sandstone rocks. A
large MTMR reveals that most of the displacing fluid primarily
flows into the macropore throat (following the least resistance
paths), avoiding the micropore throat system, resulting in low
overall fluid displacement. However, the absence of fibrous illite
and the presence of illite platelets lead to highMTMR due to the
clear preservation of the micropore throat system. In addition,
the higher the microthroat contribution in the overall pore
system is, the more confined is the micropore system.32

Accordingly, Scioto sandstone was selected to represent the
complexity of marginal (tight) reservoirs. This study aims to
explore the effectiveness of CO2 injection in tight rocks and
assess the displacement contribution of micro and macropore
fluids at different injection modes (miscible and immiscible,
both at secondary and tertiary injection modes). CO2 injection
was examined using core-flooding and nuclear magnetic
resonance (NMR) measurements before and after core-flood
tests to evaluate pore fluid distributions at each saturation
condition.

2. MATERIALS, EXPERIMENTAL SETUPS, AND
PROCEDURE

2.1. Materials. Scioto sandstone cores were used in this study to
represent tight sandstone formations. Core samples were obtained from

Table 1. Summary of Main IOR/EOR Methods in Tight Reservoirs

recovery method recovery mechanism advantages drawbacks reference

multistage fracturing frac fluid crack formation increase in rocks’ permeability oil recovery <10% 9,10

proppant keeps cracks open increase in surface area environmental hazards
pressure depletion inexpensive

water flooding pressure support wettability alteration low injectivity 11−14

oil displacement by water inexpensive oil recovery 15−38%
clay swelling

immiscible CO2 injection partial gas dissolution cost-effectiveness poor microscopic displacement 17,18

oil swelling expansion pressure support
miscible CO2 injection complete gas dissolution high recovery >90% requires high downhole pressure 19−22

oil viscosity reduction high displacement efficiency high pressure (costly)
oil swelling expansion
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the Buena Vista member near McDermott, Southern Scioto County,
Ohio.33 Scioto sandstone is often used in laboratory studies to model
tight sandstones due to its homogeneous characteristics, which are
suitable for comparable petroleum engineering laboratory tests.34

A set of cylindrical plugs measuring 3.8 cm in diameter and 8.0 cm in
length underwent a 48 h drying and vacuuming process at 75 °C.
Subsequently, plugs of 5 cm in length were cut for porosity and

permeability, NMR T2, and core-flooding experiments. The remaining
samples were utilized for the XRD, SEM, and MICP tests. The average
gas porosity and permeability were determined using a helium
porosimeter and nitrogen gas permeameter, and the values are 17.5
vol % and 1.2 mD, respectively. Nine core plugs were selected to
compose three sets of composite cores made of three plugs, each to be
used in this study. Plugs were lined up face to face in a horizontal
manner in a heated shrinkable Teflon tape sleeve to prevent end-
capillary effects.35 Three composites of 3.8 cm in diameter and 15 cm in
length were used in the core-flooding experiments. Table 2 lists the
petrophysical properties of the composites used in this study.

Synthetic formation brine was used to represent the connate water
saturation, and synthetic seawater brine was used as the displacing
phase during waterflooding injection. Synthetic formation brine was
prepared by mixing salts with distilled water to resemble the local
formation brines. Synthetic seawater brine was formulated according to
the Arabian Gulf seawater composition and salinity.36 The
compositions and salinities of both brines are presented in Tables 3
and 4, respectively.

n-Decane (n-C10) was used to represent the oleic phase, and this
choice was made to avoid rock wettability alteration.37 Several studies
have reported that theMMP of decane and CO2 is around 85 bar (1235
psi) at 40 °C.38,39 Therefore, miscible flooding runs were conducted at a
higher injection pressure of 124 bar (1,800 psi) to ensure good
miscibility. Oil density and viscosity were measured using an Anton
Paar-DMA 4500M density meter and an Oswald viscometer,
respectively. Pure carbon dioxide (CO2) (99.9%) was utilized as the
gaseous phase. Table 5 lists the physical properties of the fluids under
the experimental conditions.

2.2. Experimental Setups. A Core-Lab gas permeameter was
utilized to determine gas and Klinkenberg liquid permeabilities, and the
volumetric method was used to estimate the plug’s porosity. XRD was
conducted on crushed samples to determine the mineral and elemental
compositions using a Rigaku ULTIMA IV X-ray diffractometer with
CuKα radiation at 40 kV and 40 mA with a 2θ range of 3−100° at 0.02°
step size within an 8 min period. XRD patterns were then analyzed by
using X’Pert High Score Software.
SEM analyses were conducted on thin chips utilizing a TESCAN

instrument (model MIRA3) coupled with an EDX detector to generate
SEM density images with a pixel resolution in nanometers to identify
micropores and clay morphologies. NMR T2 measurements were
performed on core plug pre- and postflood experiments to evaluate the
pore fluid distribution at different fluid saturations. These measure-
ments were taken using a resonating frequency of 2 MHz at an ambient
temperature via an NMR spectrometer from the Oxford Core Analyzer
GeoSpec 2-75. The Carr−Purcell−Meiboom−Gill (CPMG) pulse
sequence was used to generate magnetization decay with an echo
spacing of 110 μs and a signal-to-noise ratio of 150 SNR. The decaying
magnetization was converted to T2 distributions using Green Imaging
Technologies (v6.1) software from Oxford Instruments.41

A Micrometrics Auto Pore V 9600 instrument was utilized for
mercury intrusion capillary pressure (MICP) analysis. The MICP
experiment was conducted on a representative dry cylindrical 1.27 cm-
long and 1.27 cm-diameter plug to estimate throat size distribution
within the range of 0.003−500 μm at incremental injection pressures up
to 60,000 psi (450 MPa). A centrifuge at 18,000 rpm was utilized to
desaturate the core samples to connate water saturation with n-decane
as the displacing phase. Flooding runs were conducted using a flooding
unit (Figure 1). The unit consists of an injection pump, core holder, and
production collection system connected through 1/8 in. stainless steel
tubes with multiple air pneumatic two- and three-way valves to control
fluid direction. The core holder is a Hassler-type core holder capable of
housing samples of 1.5 in. (3.8 cm) in diameter with a length of up to 12
in. (30.5 cm). Two inline pressure transducers are utilized to measure
the pressure drop across the core sample ends with ±0.05% full-scale
pressure accuracy. The fluid injection system is made of a DCI dual
syringe pump displacing distilled water at desired injection rates with a
precision of 0.001 cc/min to the bottom of three 1 L Hastelloy floating
piston accumulators. The accumulators were used to house n-decane,
CO2 gas, and seawater. A dome-type back pressure regulator (BPR)
connected to the production end of the core holder was used to control
and maintain the desired pore pressure up to 6000 psi. The setup
components were housed within an oven for temperature control up to
150 ± 0.1 °C. The flooding unit can operate at a confining pressure of
up to 10,000 psi. All the components are linked to a control system and
data logger connected to a personal computer for experiment control
and online data gathering. A gas booster was used to pressurize the CO2
accumulator. The production collection system consists of graduated
tubes placed in a timely set of fraction collectors to collect liquid
effluents.

Table 2. Properties of the Scioto Sandstone Compositesa

composite
ID

core plugs
ID

pore volume
(cc)

porosity
(vol %)

permeability
(mD)

1 S22, S23,
S25

30.48 18.45 1.21

2 S12, S13,
S14

31.04 18.53 1.24

3 S34, S35,
S24

30.96 18.82 1.20

aThe estimated petrophysical properties are the average of the plugs’
values.

Table 3. Constitutes of Synthetic Formation Water (Total
Dissolved Solids = 236,840 mg/L)

component formation water (mg/L)

sodium chloride 148,750
calcium chloride 69,400
magnesium chloride 17,910
sodium sulfate 390
sodium bicarbonate 390

Table 4. Constitutes of Synthetic Seawater (Total Dissolved Solids = 68,602 mg/L)

total alkalinity
(mg/L)

bicarbonate
(mg/L)

calcium
(mg/L)

magnesium
(mg/L)

sodium
(mg/L)

potassium
(mg/L)

chloride
(mg/L)

sulfate
(mg/L)

nitrate
(mg/L)

fluoride
(mg/L)

174 212 766 2648 22,353 810 36,585 5015 37 2.19

Table 5. Fluid Physical Properties Measured under
Experimental Conditions at 124 bar and 40 °C

fluid density (g/cm3) viscosity (cP)

formation water 1.133 1.21
seawater 1.025 1.10
decane 0.730 0.89
sc-CO2

a 0.644 0.05
aCO2 properties were obtained from the National Institute for
Standards and Technology (NIST) Web-book.40
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2.3. Experimental Procedures. The core samples were
characterized by using XRD, SEM, MICP, and routine core analysis
(RCA) measurements. Experimental work was started by determining
the pore morphology analysis of Scioto sandstone by using SEM
imaging. MICP was then performed on representative consolidated
plugs to estimate the rock pore-throat distribution. Nine dry samples
with a radius of 3.8 cm and a length of 5 cm were used to measure the
average values of porosity and Klinkenberg liquid permeability using a
Vinci helium porosimeter and Core-Lab gas permeameter, respectively.
The dry samples were saturated with formation brine, utilizing a
saturation unit under a pressure of 2000 psi to ensure complete
saturation. The plug’s porosity was redetermined by using the mass
balance method. Then, NMR T2 measurements were taken on these
brine-saturated plugs to identify the NMR pore fluid distribution
(PFD). A centrifuge was utilized to desaturate the brine-saturated
samples with n-decane as the displacing phase; hence, OOIP and
connate water saturation were determined. These samples were
subsequently subjected to NMR T2 measurements to calculate the
movable and bound fluids. Three composite cores of three core plugs
each were assembled, and three flooding runs were performed with
different fluid injection schemes. These runs are tertiary miscible CO2
injection (Experiment 1), secondary miscible CO2 injection (Experi-
ment 2), and secondary immiscible CO2 injection (Experiment 3).
Table 6 presents the description and conditions of the core-flood
experiments. All runs were conducted at 0.2 cc/min injection rate and a
constant temperature of 40 °C. Waterflooding was started into the first

composite core at connate water saturation, and injection continued
until oil production ceased after 3.5 PV of seawater injection.
Subsequently, tertiary miscible CO2 was injected with a total of 3.8
PV of CO2 injection. In the second run, secondary miscible CO2
injection was conducted using the second composite core at connate
water saturation with an injection of 3.5 PV. Immiscible CO2 was
performed in the third composite core, at connate water saturation, for
7.2 PV of CO2 gas injection. The n-decane produced in all experiments
was collected and corrected by deducting the inlet and outlet dead
volumes. Differential pressures were continuously measured and
recorded throughout the injection runs. At the end of each experiment,
the oil recovery, displacement efficiency, and injectivity index were
evaluated. NMR T2 measurements were aging-performed at the end of
each run to determine the final fluid distribution and verify the
calculated resident fluid volumes determined by material balance.

3. RESULTS
An integrated approach was implemented to assess the impact of
injection schemes on tight rocks and evaluate the role of these
injection modes on the micropore system displacement in tight
sandstones. This section presents a detailed description of the
experimental results obtained and their analyses.

3.1. Mineralogy, Morphology, and Petrophysical
Properties. XRD results reveal that Scioto sandstone is
relatively clean sand (high quartz content of 89.2%), associated
with small amounts of feldspar and clayminerals of 2.8 and 4.1%,
respectively (Table 7).
The measured average permeability of Scioto sandstone was

measured to be 1.21 mD. Some researchers have categorized
tight reservoirs by permeability lower than 0.1 mD32 (Figure 2);
however, classifying the rock based on a definite threshold value
could lead to an unsuitable EOR technique that causes poor fluid
displacement.
Although Scioto’s permeability is greater than 0.1 mD, MICP

reveals that Scioto has a narrow pore-throat distribution ranging
from nanometers to approximately 2.4 μm (Figure 3). Based on
the pore system characterization by Nelson,42 the Scioto

Figure 1. Schematic of the experimental setup used for core-flood experiments.

Table 6. Three Core-Flood Experiments Were Performed on
Three Composites at an Average Connate Water Saturation
of 32% and an Average Initial Oil Saturation of 68%

run
no.

experiment
description

confining
pressure (psi)

pore
pressure
(psi)

pore volume
injected (%PV)

1 waterflooding +
miscible CO2

2500 1800 7.3

2 only miscible CO2
injection

2500 1800 3.5

3 only immiscible
CO2 injection

1700 1400 7.2

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c03403
Energy Fuels 2023, 37, 19039−19052

19042

https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c03403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


micropore throat makes up approximately 59% of the total pore
throat system.
The SEM of Scioto sandstone indicates a clear micropore

throat proportion that can be attributed to the absence of fibrous
illite and illite platelets (Figure 4). TheMTMR, a dimensionless
number that relates the abundance size of the micropore throat
to the macropore throat, can be used to evaluate the pore fluid
displacement efficiency of the EOR methods. Scioto sandstone
has 1.44 MTMR, implying that an efficient EOR method should
be carefully considered to enhance fluid displacement across
different pore sizes and prevent oil bypassing caused by high
capillary pressure.

3.2. Core-Flooding Results. Three flooding runs were
conducted by using three composite cores of Scioto sandstone.

This section presents the main results of the performed runs,
including the ultimate oil recoveries, pressure drop profiles,
injectivity indices, and corresponding displacement efficiency
calculations (Table 8). OOIP of the composite core represents
the sum of oil volumes for each core. Ed refers to the ratio of
mobilized oil to OOIP, and it can be calculated as follows:

S S
S

oi or

oi (2)

where Soi represents the initial oil saturation and Sor represents
the oil remaining in the rock.
In the first run, waterflooding was performed in secondary

injection mode, followed by miscible tertiary CO2 injection.
Figure 5 presents the oil recovery and pressure drop profiles of

Table 7. Mineralogical Compositions of Scioto Sandstone (Units in wt %)

sample quartz plagioclase orthoclase anhydrite ilmenite siderite dolomite halite hematite pyrite chlorite illite kaolinite

Scioto 89.2 2.1 0.7 3 0 0.2 0 0.2 0.5 0 0.9 2.2 1

Figure 2. Classification of unconventional reservoirs using the permeability threshold, k < 0.1 mD. Adapted with permission from ref 32. Copyright
2017 Geofluids.

Figure 3. Pore-throat distributions of Scioto sandstone were obtained using MICP.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c03403
Energy Fuels 2023, 37, 19039−19052

19043

https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c03403?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c03403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


this run along the injected pore volume. Oil recovery using
secondary waterflooding 35% OOIP, and an additional 44%
OOIP oil recovery was obtained using tertiary miscible CO2
injection.

The pressure drop increased sharply throughout the experi-
ment to a maximum pressure value of about 160 psi (11 bar) due
to the mobility difference between the wetting and nonwetting
fluid in the large pores, leading to oil recovery of 31% OOIP at
approximately 0.23 PV of seawater injection, where a water
breakthrough was observed.
The pressure drop decreased slowly afterward to constant

values that ranged around 124 psi (8.5 bar) due to seawater
dominating the fluid flow and diminishing oil displacement
within the pore system at 3.6 PV. The relatively poor recovery
using waterflooding could be attributed to the viscosity
difference between injected brine and displaced n-decane,
which led to viscosity fingering and high capillary pressure in

Figure 4. SEM micrographs showing pore-lining illite and clear micropore.

Table 8. Comparison of the Ultimate Oil Recovery,
Displacement Efficiency, and Injectivity Index

run
no.

ultimate recovery (%
OOIP)

displacement
efficiency (%)

injectivity index
(cc/min/psi)

1 79 60 0.01
2 93 88 0.16
3 68 52 0.08

Figure 5. Oil recovery and pressure drop of secondary water flooding followed by miscible tertiary CO2 injection conducted on composite #1.
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tiny pores. Subsequently, a tertiary miscible CO2 injection was
started, and the pressure drop profile builds to a peak value of
around 155 psi (10.6 bar) as a result of CO2 attempting to
overcome the water pressure residing in the pores after
waterflooding. The gas breakthrough occurred at around 0.21
PV of gas injection, followed by a significant reduction in
pressure drop to about 16 psi (approximately an 89% drop from
its maximum value). The experiment was terminated after a total
injection of 7.3 PV, and the estimated displacement efficiency
and injectivity index at the end of the experiment are 67% and
0.01 cc/min/psi, respectively. We presume that the low
injectivity of miscible tertiary CO2 is due to excessive water
imbibing the pores prior to CO2 flooding. This finding aligns
well with that of Blunt et al.,43 who reported that
postwaterflooding residual oil exhibits high capillary pressure.
The second run performed on composite no. 2 was secondary
miscible CO2 injection conducted at connate water saturation.
Oil recovery and pressure drop profiles are listed in Figure 6. In
this run, the pressure drop profile increases to around 23 psi with
oil recovery starting at 0.3 PV of miscible gas injection. The
recovery profile continuously increases to a maximum of 93%
OOIP, and the pressure profile falls to around 5 psi. The total
CO2 injection was terminated after approximately 3.5 PV of gas
injection when the oil recovery ceases. High oil recovery using
miscible CO2 injection is attributed to the high injectivity of 0.16

cc/min/psi and the CO2-decane phase miscibility achieved,
which yields a stable displacement efficiency of 88% compared
to the previous injection schemes.
The third run was an immiscible secondary CO2 injection

conducted in composite #3. The oil recovery and pressure drop
profiles are presented in Figure 7. In this run, oil recovery started
at 0.38 PV after immiscible gas injection. The delay in
production is attributed to unfavorable displacement caused
by gas channeling due to the density difference between CO2 gas
and n-decane.44 Based on the fluctuation in the pressure drop
profile marked in red arrows, CO2 injection seems to be
unstable, resulting in a low displacement efficiency of 52% after a
total immiscible CO2 injection of 7.2 PV. The oil recovery
profile continues to increase due to CO2 injection; however, the
recovery process was slow, as expected,45 and thus, the
experiment was terminated. The ultimate oil recovery was the
lowest among the injection schemes tested, resulting in 67%
OOIP.

3.3. NMR T2 Measurements.The incrementalT2 relaxation
is proportional to pore size distribution.46 Macropores have
longer T2 values, whereas micropores tend to have shorter T2
values; hence, the pore volumes of various pores can be
analyzed.47 NMR T2 measurements were performed before and
after the flooding process in all experiments to investigate the
pore fluid distribution in tight rocks. Figure 8 depicts NMR T2

Figure 6. Oil recovery and pressure drop of miscible secondary CO2 injection conducted on composite core #2.

Figure 7. Oil recovery and pressure drop of immiscible secondary CO2 injection conducted on composite core #3.
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measurements of the three brine-saturated plugs forming the
three composites. Clearly, profiles show identical unimodal
characteristics, with T2 values ranging from 0.1 to 177 ms.
Brine-saturated plugs of the tested composites were

desaturated to connate water saturation with n-decane at
18,000 rpm. Figure 9 presents the NMR profiles at the end of the
desaturation process. Connate water resides in the micropores,
resulting in shorterT2 relaxation values, while n-decanemoves to
the macropores and consequently reveals longer T2 relaxation
values.
Hence, NMR T2 measurements reveal two signals,

48 and the
results obtained agree with this and show two signals: the left
signal with shorter T2 values ranging from 0.1 to 39 ms,
representing micropores primarily containing irreducible water,
and the right signal with longer T2 values ranging from 79 to 892
ms, referring to macropores in which n-decane resides.
It is worth noting that desaturated composite signals show

extended T2 relaxation values (right signal) compared to those
of brine-saturated spectra. This is because of the wettability
effect that delays T2 relaxation and causes longer T2 values.

49

The T2 cutoff value is utilized to determine the fluid residing in
the micro- and macropore pores of composite sandstones. The
results demonstrate that the T2 cutoff value of the Scioto
sandstone is 24.6± 1.3ms, which is consistent with the literature
findings.50,51 The findings indicate that the prepared composites
comprise an average of 65% macropores and 35% micropores.

Figure 10 depicts the composite cores’ incremental NMR T2
relaxation time before (desaturated condition) and after CO2
injection to diagnose the effect of CO2 injection on pore fluid
displacement in tight rocks. As mentioned earlier, the area under
the incremental T2 curve of the desaturated state represents the
amount of hydrogen in the pore system. A reduction in this area
indicates a lack of hydrogen caused by the CO2 injection and the
consequent production of fluid from the given pores. For the
miscible tertiary CO2 injection, the incremental post-CO2
injection NMR T2 curve (Figure 10a) shows a unimodal
distribution ranging from 0.1 to approximately 50 ms. The
macropore signal of the desaturated composite core clearly
vanished due to the displacement of CO2 (marked with a blue
arrow in Figure 10a). No apparent reduction was seen in the left
signal of the desaturated state (micropores), indicating that
injected CO2 could not reach the tiny pores (marked with a
black arrow in Figure 10a). In addition, the micropore signal was
observed to exhibit a slight increase of around 9% compared to
the originally observed signal pre-CO2 injection, which is
believed to be due to the increase in water content after the
secondary water injection prior to tertiary CO2 injection. The
incremental T2 spectrum at the end of the secondary miscible
CO2 injection of composite core #2 illustrates a unimodal signal
ranging from 0.1 to 22.4 ms (Figure 10b). The narrower range of
T2 values compared to composite core #1 (tertiary miscible CO2
injection) corresponds to fluid displacement from small pores.
The micropore signal had a clear reduction of approximately

Figure 8. Incremental NMR T2 measurements of brine-saturated composites of Scioto sandstone: (a) Composite 1, (b) Composite 2, and (c)
Composite 3.
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12% compared with the initial desaturated state, indicating that
CO2 injection was able to invade the micropore system (marked
with a black arrow). Furthermore, secondary miscible CO2
injection ultimately eliminated the macropore signal (marked
with a blue arrow). Figure 10c presents the incremental T2
distributions of an immiscible secondary CO2 injection. The
profile shows broader T2 distributions ranging from 0.1 to
almost 560 ms, indicating that hydrogen molecules are still
within the micro- and macropore systems, and immiscible
secondary CO2 injection shows poor resident fluid mobilization.
The NMR technique was used to estimate the displacement
efficiency (EDNMR) and evaluate pore fluid reduction. EDNMR is
the ratio of change in incremental T2 profiles under desaturated
and post-CO2 injection conditions to NMR at the initial
desaturated state. EDNMR for the three injection schemes
demonstrated that secondary miscible CO2 flooding provided
the highest value of approximately 70%, followed by tertiary
miscible CO2 flooding at around 55% and finally secondary
immiscible CO2 injection, which showed the lowest value of
47% (Table 9).
Table 10 and Figure 11 present the results of NMR

displacement efficiency in NMR micro- and macropore signals
due to fluid deficiency. The results show that the NMR
displacement efficiency in macropores using tertiary and
secondary miscible CO2 injections provides significant reduc-
tions of 94 and 100%, respectively. Secondary immiscible CO2
injection shows the least macropore displacement efficiency,

with 67%. It also reveals no clear micropore reduction compared
to that observed originally at desaturated state due to unstable
displacement. On the contrary, the micropore signal of
secondary miscible CO2 injection showed a 12% reduction in
contrast to tertiary miscible CO2 injection that demonstrated no
significant change in micropores signal.

4. DISCUSSION
Petrophysical results revealed that Scioto sandstone has a
relatively wider pore-throat size distribution coveringmicro- and
macropore throat systems with an estimated average throat
diameter of 1.8 μm, indicating the presence of a tight
microthroat system. Mineralogy and elemental analyses reveal
that Scioto has a low total clay content of 4.1% composed of
illite, kaolinite, and chlorite. SEM results also demonstrate that
illite platelets lead to a clear preservation of Scioto’s micropore
throat, attributing to 59.1% of the total pore-throat system. The
calculations show that Scioto has high MTMR, and we
hypothesized earlier that rock with a high modality ratio
requires a suitable recovery method to obtain stable and efficient
displacement in tight rocks. Core-flood results show that
secondary waterflooding is not an optimal recovery process in
tight rock. This is attributed to the early water breakthrough. We
deduce that most of the oil recovery is produced from
macropores, as water follows pathways of least resistance
bypassing themicropore system.52 This low oil recovery can also
be attributed to the low water injectivity index of 0.002 cc/min/

Figure 9. Incremental NMR T2 measurements of desaturation for Scioto sandstone: (a) Composite 1, (b) Composite 2, and (c) Composite 3.
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psi, which is insufficient to overcome the high capillary pressure
of small pores in tight rocks in addition to the highmobility ratio,
resulting in poor displacement.
NMR T2 measurements confirmed this hypothesis in Figure

12, where a slight reduction in NMR spectra of composite cores

was observed (marked with a red brace), indicating limited fluid
mobilization in the long T2 values, which correspond to the
macropore system.
In addition, the incremental T2 profiles of the waterflooding

stage were observed to exhibit longer T2 values than those of the
initial desaturated core signals (Figure 13a). This extended T2
distribution is due to water imbibition, which delays the surface
relaxation of the remaining decane and thus leads to longer T2
distributions (Figure 13b). Clearly, hydrogen communication
between micro- and macropore systems aligns with the
observation of Anand and Hirasaki.53

Tertiary miscible CO2 injection provided an incremental
recovery of 44% OOIP. We speculate that the low incremental
recovery is due to increased water content as a result of previous
waterflooding. Campbell and Orr54 stated that water injection
prior to CO2 flooding has a negative impact on pore fluid
displacement and oil recovery due to the water film formed
during waterflooding, which prevents CO2 from invading small
pores. Given that Scioto has around 1.44 MTMR, this leads to
poor displacement efficiency. Although CO2 has a higher
injectivity of 0.01 cc/min/psi than water, an ultimate recovery of
approximately 79% OOIP confirms that tertiary miscible CO2
injection cannot access micropores efficiently (as marked in the
black arrow in Figure 10b). Secondary immiscible CO2 flooding
results in an unstable displacement rate of 52%. This is mainly
due to the differing densities between the displacing CO2 gas
and the displaced n-decane. Poor displacement was observed
with a clear fluctuation in the pressure drop during the injection
process (Figure 7). Poor displacement was also observed as a

Figure 10. Incremental NMRT2 of desaturated (green dashed line) and post-CO2 injection (red dashed line) for composite cores: (a) tertiary miscible
CO2, (b) secondary miscible CO2 injection, and (c) secondary immiscible CO2 injection.

Table 9. Summary of NMR T2 Results for the Three Core-
Flood Experiments

composite
no. description

desaturated
injection pore
volume (cc)

post-CO2
injection pore
volume (cc)

displacement
efficiency
EDNMR (%)

1 tertiary
miscible
CO2
miscible

33 15 55

2 secondary
miscible
CO2

33 10 70

3 secondary
immiscible
CO2

32 17 47

Table 10. Summary of NMR Displacement Efficiency in
Micro- and Macropore Systems for Three Injection Modes

pore volume pre-CO2 injection pore volume post-CO2 injection

run
no.

micropore
system (cc)

macropore
system (cc)

micropore
system (cc)

macropore
system (cc)

1 12.5 20.3 13.6 1.3
2 11.1 21.8 9.8 0
3 10.1 21.8 10.10 7.1
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partial reduction in the NMR T2 spectrum compared to the
initial desaturated core signal, with an estimated NMR
displacement efficiency of about 46% of that of EDNMR (Figure
14). Despite the secondary immiscible CO2 injection having a

high injectivity index of around 0.1 cc/min/psi, the estimated oil
recovery reveals a relatively low value of 67%OOIP, which could
be attributed to CO2 gravity override as a consequence of the
high-density difference between CO2 and n-decane.55 In

Figure 11. The displacement efficiency of micro- and macropores was determined by NMR analyses.

Figure 12. Incremental NMR T2 curves of desaturated (green dashed line) and waterflooded (light blue dashed line) composite core #1. A slight
reduction in the macropore indicates poor displacement as a result of waterflooding (marked in a red brace), while the extended NMR T2 (light blue
dashed lines) is due to the delay of surface relaxation caused by the remaining decane retained in the rock pore system.
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addition, high MTMR could lead to channeling and, thus, a
lower displacement efficiency of 52%. Hence, given the low oil
recovery and the high gas pore volume injected, we presume
immiscible CO2 injection inefficient EORmethod in tight rocks.
On the contrary, secondary miscible CO2 injection shows stable
displacement compared to other injection schemes of about
88% Ed. This high efficiency provides the highest recovery factor
of approximately 93% OOIP. The high oil recovery is attributed
to the stable displacement efficiency due to the miscibility effect
that mobilizes fluid from various pore sizes. These findings were
aligned with the NMR results, where the NMR displacement
efficiency showed about 70% reduction. NMR analysis further
revealed that secondary miscible CO2 injection effectively
reduced the macropore signal, indicating decane mobilization
from the larger pores (marked with a blue arrow in Figure 10b)
in addition to accessing the micropores, as confirmed by the
reduction of micropore signal by 12% compared to the
desaturated core state (marked with a black arrow in Figure
10b). Based on the comparison of the results obtained, it has
been concluded that the secondary miscible CO2 injection
scheme is the most efficient with resident fluid displaced from
both micro- and macropore systems, resulting in an oil recovery
of 93% OOIP. Displacement efficiency using material balance
and NMR for all runs showed a good relation (R2 = 0.9968,
Figure 14).

5. CONCLUSIONS
This study aims to evaluate the efficiency of multiple CO2
injection schemes in tight sandstone reservoirs. The flooding
runs were analyzed in terms of oil recovery, pressure data,
injectivity index, and NMR measurements. Based on the
findings, the following conclusions are derived:

• Tight Scioto sandstone has bimodal pore throat
distributions (micro- and macropore throat systems), as

determined by MICP and NMR T2 results. The SEM
results demonstrated that the micropore system is visible
with pore-lining illite platelets, indicating a high micro-
pore system capability of 1.44 MTMR.

• Secondary waterflooding provides poor oil recovery and
early water breakthrough attributed to multiple factors,
including low water injectivity, high capillary forces in
small pores, and a high MTMR value. NMR T2 results
confirm poor displacement, as indicated by the extended
T2 spectrum relaxation due to the existence of
immobilized decane in the pore system.

• The secondary miscible CO2 injection provided the
highest oil recovery, with approximately 93% OIIP. This
was confirmed with the NMR T2 finding. The miscibility
mechanism was able to completely displace the resident
fluid in themacropore system in addition to a reduction of
around 12% of the micropore system.

• Tertiary miscible CO2 injection following secondary
water flooding depicts an ultimate recovery of around
79% OOIP. Such relatively low recovery performance is
due to the increase in water content that retards the
micropore CO2 displacement and hence lowers the
injectivity efficiency to ca. 0.01 cc/min/psi. NMR
measurements agree with this hypothesis and reveal an
increase in hydrogen content in micropores of around 9%,
confirming that tiny pores were not accessed by tertiary
miscible CO2 injection.

• Secondary immiscible CO2 injection provides the least oil
recovery of 68% OOIP. The low recovery is due to the
displacement instability of 46% EDNMR.

• A significant direct relationship was obtained between the
displacement efficiency of core-flood and the NMR T2
tests, proving that NMR is an effective tool in observing
the different pore systems’ contribution in overall

Figure 13. Schematic illustrating the drainage and waterflooding covering. (a) Decane-desaturated case, where decane resides in big pores and water
resides in small pores. (b) Waterflooding case shows brine-imbibing big pores causing a slight reduction in decane saturation.

Figure 14. Relation of displacement efficiencies obtained from NMR and core floods using (a) cross-plot and (b) bar chart.
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hydrocarbon recovery and CO2 storage in tight
sandstones.
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