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ABSTRACT

During CO; injection in shale oil, CO,—crude oil interactions promote the precipitation of heavy organic
fractions, which in turn alters the reservoir wettability. In this work, CO, huff-n-puff tests were
designed and performed in combination with contact angle measurements and one-/two-dimensional
nuclear magnetic resonance (NMR) spectroscopy to investigate the multiscale effects of organic pre-
cipitation on reservoir wettability. A pore-scale water-wetness index was established using 1D NMR T,
spectra to quantitatively characterize the microscopic wettability evolution across various pore-size
ranges. The mechanisms underlying wettability alteration were elucidated by analyzing changes in
crude oil composition, shale surface morphology, and pore structure before and after CO, exposure.
Results indicate that the overall water-wetness of the reservoir is markedly weakened after CO, huff-n-
puff. Both macroscopic and microscopic wettability alterations exhibit consistent trends, evolving from
strongly water-wet toward intermediate-wet and ultimately weakly oil-wet states as injection pressure,
temperature, and soaking duration increase. Across various pore-size ranges, the reduction in water-
wetness follows the order: micropores > small pores > mesopores > macropores. Notably, changes in
the wettability of small pores have the strongest impact on the overall core wettability. The alteration of
reservoir wettability is mainly governed by the precipitation of heavy organic fractions, together with
modifications in surface roughness and pore structure. Correlation analysis reveals strong relationships
between the precipitation ratios of resins and asphaltenes and the contact angle, with corresponding
correlation coefficients of 0.8284 and 0.9328, respectively, highlighting that asphaltene precipitation
has a more pronounced impact on wettability alteration. Moreover, organic precipitation increases
surface roughness and decreases pore space, further diminishing water-wetness. Strong correlations are
observed between contact angle and core-surface roughness, as quantified by arithmetic mean
roughness (Ra) and root-mean-square roughness (Rq), yielding correlation coefficients of 0.8942 and
0.9116, respectively. Meanwhile, the correlation coefficient between pore volume variation and the
pore-scale water-wetness index reaches 0.9503, highlighting that pore structure alteration plays a vital
role in wettability evolution. This study elucidates the multiscale mechanisms by which organic pre-
cipitation controls wettability alteration, offering fundamental insights into enhanced oil recovery and
the secure long-term storage of CO, within shale formations.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

Sustained global economic growth has driven a continual rise
in energy demand, thereby increasing interest in unconventional
hydrocarbon exploration, particularly shale oil. Shale oil has
become a promising alternative to conventional petroleum due to
its widespread availability and potential to enhance energy secu-
rity. Abundant shale oil is present in China and is primarily
concentrated within prominent continental sedimentary basins,
including the Junggar, Ordos and Jianghan basins (Li et al., 2022;
Liu et al., 2025b; Jin et al., 2021). China's geological shale oil re-
sources are expected to be 39.746 billion tons. The medium-to
high-maturity continental shale oil accounts for approximately
28.3 billion tons, highlighting its strategic importance as an
alternative to conventional petroleum (Jia et al., 2024). In 2024,
onshore shale oil production in China surpassed four million tons,
making a notable contribution to the growth of the country's crude
oil output (Gao et al., 2025).

However, shale oil reservoirs exhibit complex pore structures,
dominated by micro- and nanopores, along with strong hetero-
geneity, high organic matter content, and diverse mineral com-
positions (Han et al., 2021, 2025; Manescu and Nuno, 2015; Xu
et al.,, 2022). These geological features lead to poor oil mobility
and low single-well productivity. In addition, owing to the clay-
rich nature of shale formations, conventional water-flooding
techniques are poorly suited to shale reservoirs. Currently, shale
oil exploitation mainly depends on horizontal wells combined
with large-scale hydraulic fracturing, followed by depletion pro-
duction (Na et al., 2012; Yuan et al., 2023a; Zhao et al., 2023; Bao
et al., 2023). Due to lack of energy replenishment, reservoir pres-
sure declines rapidly, resulting in a sharp drop of oil production.
The estimated primary recovery factor for shale oil is only about
5%-10%, which is much lower than that of conventional reservoirs
(Yuan et al., 2023b; Zhu et al,, 2023; Yun et al., 2023).

CO,-based EOR has emerged as an attractive option for
enhancing recovery efficiency in shale oil (Li et al., 2023a, 2023b;
Cao and Gu, 2013). Owing to its unique physicochemical properties
such as low miscibility pressure, high diffusivity in crude oil, sig-
nificant viscosity reduction and interfacial tension reduction, CO;
can effectively mobilize oil stored in micro- and nanopores (Li
et al,, 2024; Zou et al,, 2022). Both laboratory- and field-scale
studies have been conducted in formations such as the Bakken
shales in North America, as well as the Chang 7 Member of the
Ordos Basin and the Gulong Depression in the Songliao Basin
(Dong et al., 2023; Huang et al., 2023a). Results demonstrate that
CO; readily dissolves in shale oil. The miscibility pressure between
shale oil and CO, is relatively low, allowing substantial recovery
enhancement under miscible conditions. Compared with other
injected gases, CO, achieves superior recovery improvements,
with huff-n-puff operations increasing recovery efficiency by
33%-85%. These advantages make CO,-EOR a promising technol-
ogy for shale oil reservoirs and a major focus of current research.

Nevertheless, CO, injection into shale formations induces
complex physicochemical interactions with crude oil, leading to
the precipitation of heavy organic fractions including asphaltenes
and resins. These precipitates can modify pore structures and
reservoir properties, thereby influencing oil mobilization effi-
ciency (Tian et al, 2023). Previous studies have shown that
asphaltene precipitation during CO»-oil interactions can signifi-
cantly reduce reservoir permeability and alter pore structures. For
example, Lee et al. (2019) demonstrated through reservoir simu-
lations that asphaltene precipitation during CO, injection reduces
both porosity and permeability. Li et al. (2019) reported that CO;
promotes the formation of larger asphaltene aggregates compared
with CH4 and Ny, particularly with increasing reaction time. Using
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NMR techniques, Qian et al. (2020) found that higher injection
pressures intensify asphaltene precipitation and consequently
impair reservoir permeability. Shen and Sheng (2018) further
observed that repeated CO, injection in Wolfcamp shale cores
reduced permeability by 48.5%, with asphaltenes mainly depos-
iting near the injection end. Numerical simulations by Lee et al.
(2020) also suggested that nano-confinement effects in shale
nanopores may further enhance asphaltene precipitation during
CO3 injection.

In addition to modifying pore structures, asphaltene precipi-
tation can also alter reservoir wettability. Wang et al. (2020) found
that CO; injection promotes adsorption of asphaltenes on mineral
surfaces, resulting in wettability alteration. Wei et al. (2020) re-
ported that rising CO, pressure accelerates asphaltene precipita-
tion, although the wettability change is mainly confined to the
region near the core inlet. Wang et al. (2021) showed that CO,-
induced asphaltene precipitation weakens the water-wetness of
shale cores, particularly in samples with relatively homogeneous
pore structures, whereas miscible flooding can mitigate this effect.
Huang et al. (2023b) further demonstrated that asphaltene depo-
sition enhances surface oil-wetness and increases oil-phase flow
resistance. More recently, Huang et al. (2024) confirmed that
adsorbed asphaltenes significantly reduce the water-wetness of
initially strongly hydrophilic rocks.

In addition to laboratory studies, CO; injection has been widely
practiced in several shale oil basins in China, demonstrating
considerable potential for enhanced oil recovery. For example,
following the implementation of CO, injection, cumulative oil
production from Well GY40 in Gulong shale increased nearly
thirteenfold, reaching 463 t from an initial 36 t (Cheng et al., 2025).
In the Ordos Basin, a simultaneous CO, huff-n-puff energy sup-
plementation practice was conducted in five horizontal wells, with
cumulative CO, injection volumes ranging from 1.2 x 10 t to
1.7 x 10* t per well. The formation pressure increased from
8.5 MPa to 21.4 MPa, and the peak liquid production rate reached
7.70-38.10 m>/d (Niu et al., 2025). In the Subei basin, CO, was also
engaged to enhance shale oil recovery. For well LY1-1, the cumu-
lative incremental oil production was estimated at approximately
2500 t, corresponding to an oil exchange ratio of 0.25 t/t (Yao et al.,
2026).

However, field applications have also revealed several technical
challenges that may limit the effectiveness of CO; injection (Li
et al,, 2025). Interactions between injected CO;, and crude oil can
induce the precipitation of heavy organic components, which may
lead to permeability reduction and formation damage, thereby
compromising the long-term performance of CO,-EOR operations
(Ren et al., 2024). For instance, asphaltene deposition in the
Yongjin Oilfield has resulted in recurrent wellbore blockages,
increased operational costs, and significant production decline,
even with repeated cleanout operations (Yang et al., 2025). In
addition, the strong heterogeneity of shale reservoirs and the
discrepancy between laboratory conditions and field-scale envi-
ronments further complicate the prediction of reservoir responses
during CO; injection (Liu et al., 2025a; Dong et al., 2020). There-
fore, clarifying the physicochemical mechanisms governing
CO,-o0il interactions and the associated wettability evolution
during CO,-oil-shale reactions is vital for supporting the optimi-
zation of CO; injection schemes and facilitating the safe, efficient
deployment of CO,-EOR and long-term geological CO; storage.

In summary, existing studies have shown that heavy organic
fractions, such as resins and asphaltenes, tend to precipitate dur-
ing CO,-based shale oil recovery, thereby altering reservoir phys-
ical properties, pore structures, and wettability, ultimately
impacting oil recovery efficiency. However, most of these in-
vestigations have focused on static CO,—-oil interactions, while the
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Table 1
The physical parameters of the cores.

Petroleum Science 23 (2026) 7338-7354

Sample number Length, mm Diameter, mm TOC, % Ro, % Porosity, % Permeability, x10~> pm?
1 25.45 2532 2.54 0.76 6.56 0.0393
2 25.68 25.31 248 0.79 7.02 0.0463
3 21.48 25.34 213 0.75 7.56 0.0577
4 25.84 2531 2.34 0.93 8.01 0.0760
5 26.90 25.35 2.64 0.92 6.12 0.0228
6 25.35 25.32 212 0.95 6.33 0.0207
7 24.45 25.31 2.56 0.83 6.24 0.0181
8 26.67 2531 233 0.76 7.10 0.0205
9 23.96 25.26 248 0.79 7.32 0.0528
10 26.61 25.31 245 0.82 7.65 0.0650
11 25.82 25.29 2.21 0.81 6.78 0.0185
CV (%) 6.12 0.09 7.40 8.73 8.96 52.88

dynamic processes involved in CO injection and their effects on
wettability evolution remain insufficiently explored. Furthermore,
wettability characterization has primarily relied on macroscopic
contact angle measurements, which capture surface-scale changes
but do not reflect pore-scale wettability evolution.

In this study, shale oil core samples from the Ordos Basin were
systematically analyzed to evaluate wettability evolution at both
macroscopic and microscopic scales during CO, huff-n-puff. Con-
tact angle tests, 1D T, spectra, and 2D T;-T, spectra were integrated
to capture wettability changes across multiple scales. By
combining these results with analyses of crude oil composition,
shale surface morphology, and pore structure variations, the
mechanisms by which organic precipitation regulates reservoir
wettability are elucidated. These findings provide theoretical
guidance for improving shale oil recovery through CO, injection
and contribute to the scientific evaluation of the security of
geological CO, sequestration.

2. Experimental methods and principles
2.1. Materials and equipment

To examine how organic precipitates, including resins and
asphaltenes, affect reservoir wettability during CO, injection, core
samples were obtained from the Chang 7 Member of the Ordos
Basin. Table 1 presents the physical properties of the cores.
Quantitative mineral compositions were determined using X-ray
diffraction (XRD), indicating that the samples mainly compose of
clay minerals, quartz, and feldspar, with minor carbonate minerals
(Table 2).

To evaluate sample homogeneity, the coefficient of variation
(CV) of mineral composition and key petrophysical parameters

5%, while those of TOC, porosity and other petrophysical param-
eters are all lower than 10%, indicating good consistency among
the samples. Although the CV of permeability reaches 52.88%,
which is mainly attributed to the extremely low permeability
values of shale cores, which make the CV highly sensitive. The
standard deviation of permeability is only 0.0210x10~3 um?,
suggesting limited variability among samples. These results
confirm that the selected cores exhibit acceptable mineralogical
and petrophysical consistency for the experimental study.

For convenient core saturation, the oil engaged in the experi-
ments was a mixture of degassed crude oil from the Chang 7 for-
mation and kerosene at a volumetric ratio of 3:1. Under conditions
of 20 °C and 0.1 MPa, the blended oil possessed a density of 0.78 g/
cm? along with a viscosity of 2.0 mPa s.

The experimental setup primarily comprised a core flooding
unit, a core holder assembly, a low-field NMR system, along with
pressure monitoring and temperature control units (See Fig. 1).
The core flooding unit was equipped with a 2 PB-104IV precision
pump (Beijing Xingda Technology Development Co., Ltd., China),
which operates at pressures of 0-40 MPa and provides flow rates
of 0.001-10 mL/min. The core holder assembly utilized a core
holder with a maximum operating pressure of 40 MPa. The low-
field NMR setup consisted of a PQOO1 spectrometer (Suzhou
Niumag, China), enabling measurements with a magnetic field of
0.28 + 0.03 T. The pressure monitoring unit incorporated multiple
pressure sensors, while the temperature control unit employed
electric heating jackets to ensure stable thermal conditions
throughout the experiments.

2.2. Methods and procedures

To simulate the wettability alteration characteristics of shale oil

was calculated. The CV values of clay mineral content are all below reservoirs subjected to CO, under various experimental
Table 2
The mineral compositions of the cores.

Sample number Content, %

Quartz Feldspar Calcite Dolomite Pyrite Illite I/S Chlorite Kaolinite

1 25.66 16.03 5.44 3.39 0.69 18.94 17.40 891 3.54

2 25.47 15.92 5.86 3.51 0.72 19.24 17.13 8.53 3.62

3 26.17 15.58 5.64 3.52 0.74 19.06 16.65 8.96 3.68

4 25.65 15.51 5.45 3.65 0.66 19.23 17.37 8.63 3.85

5 23.64 16.05 5.64 3.37 0.65 20.16 17.14 9.44 3.91

6 25.13 16.17 5.44 3.70 0.72 19.06 17.14 8.94 3.70

7 24.99 16.42 5.98 3.73 0.72 18.90 16.49 9.18 3.59

8 25.14 15.67 5.58 3.74 0.69 19.19 17.39 8.82 3.78

9 25.29 16.22 5.32 3.61 0.67 19.33 17.21 8.70 3.65

10 24.58 16.34 5.75 3.58 0.68 19.01 17.34 8.98 3.74

11 24.91 16.82 5.64 3.62 0.72 19.17 16.93 8.41 3.78

CV (%) 2.62 243 3.50 3.45 4.06 1.79 1.78 3.34 3.00
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Fig. 1. Experimental schematic diagram of CO, huff-n-puff.

Table 3
Experimental categories and parameter design.
Sample number Experimental categories Pressure, MPa Temperature, °C Soaking durations, d Notes
1 Pressure-controlled category 10 70 5
2 15 70 5
3 20 70 5 Cross group
4 25 70 5
5 Temperature-controlled category 20 40 5
6 20 50 5
7 20 60 5
8 20 80 5
9 Soaking-time-controlled category 20 70 2
10 20 70 10
11 20 70 15

conditions, three categories of experiments (pressure-controlled,
temperature-controlled, and soaking-time-controlled categories)
were conducted using eleven natural shale cores, as listed in
Table 1. The Chang 7 reservoir is buried at depths of
1500-2500 m, with an average geothermal gradient of approxi-
mately 2.5 °C/100 m and a formation pressure coefficient of
0.85-1.10. Based on these in-situ conditions, the pressure-
controlled experiments were performed at 10-25 MPa, the
temperature-controlled experiments at 40-80 °C, and the soaking-
time-controlled experiments with soaking durations of 2-15 days.
The experimental categories and parameters are summarized in
Table 3.

The precipitation of heavy organic fractions, including resins
and asphaltenes can significantly alter reservoir wettability. In this
work, CO, huff-n-puff tests were performed under various con-
ditions. By combining macroscopic contact angle measurements
with 1D T, and 2D T;-T, spectra, the multiscale effects of organic
precipitation on wettability were thoroughly assessed. Following
procedures analogous to field CO, huff-n-puff operations, the
experimental workflow was set as follows.

(1) Core preparation: All natural core samples were first
screened and labeled for identification. The cores were then
subjected to deep cleaning wusing a petroleum
ether-benzene mixture (volume ratio 1:3) at 5 MPa and
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80 °C for seven consecutive days. After cleaning, the cores
were oven-dried at 90 °C for 48 h under controlled tem-
perature conditions.

(2) Pre-experiment characterization: The dried cores were
weighed, and their gas permeability, water wettability
contact angle, and NMR T, and T1-T> spectra were measured
to characterize their initial physical properties.

(3) Water saturation and NMR tests: The cleaned and dried
cores were saturated with water through spontaneous
imbibition under ambient conditions and subsequent pres-
surized saturation at 25 MPa. NMR T; and T;-T> spectra were
acquired after each water saturation stage.

(4) Oil saturation: The cores were re-dried and subsequently
saturated with simulated oil at a constant injection rate of
0.02 mL/min. Once a stable oil efflux was observed at the
outlet, oil saturation was considered complete. Subse-
quently, the NMR T, and T;-T, spectra of the cores were
measured.

(5) CO; injection and soaking: CO, was introduced into the
cores at a steady flow rate of 0.1 mL/min. When the pressure
inside the core holder reached the predetermined experi-
mental value, CO; injection was discontinued, with the inlet
and outlet valves subsequently secured. The cores were then
subjected to soak for the designated duration specified in
the experimental design.
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(6) Depressurization and oil recovery: After the soaking, the
inlet valve was opened, and the core holder was depres-
surized gradually in a stepwise manner under back-pressure
control. The oil produced during depressurization was
collected and weighed. After depressurization, the cores
were removed from the holder for subsequent NMR
measurements.

(7) Oil composition and shale property analysis: Produced oil
samples were analyzed to investigate the effects of CO,
exposure on oil compositions. In addition, the shale surface
morphology and pore structure were examined to assess
variations induced by CO, exposure.

(8) Post-experiment characterization: Steps (1)-(3) were sub-
sequently applied to the post-treated cores, encompassing
oil cleaning, water contact angle measurements, and NMR
analyses of dry, spontaneously water-saturated, and pres-
surized water-saturated cores.

In this study, a petroleum ether-benzene mixture was used to
wash the core samples prior to wettability measurements. The
solvent effectively removes residual movable oil and light hydro-
carbons, minimizing their interference with wettability evalua-
tion, while its limited ability to dissolve heavy fractions such as
resins and asphaltenes allows the CO,-induced precipitates to be
largely preserved. This enables a more reliable assessment of the
impact of resin and asphaltene precipitation on shale wettability.

As for the water contact angle, although the water-oil-rock
contact angle is more representative of reservoir multiphase flow
conditions, the water-air-rock contact angle is widely used as a
proxy indicator to characterize relative wettability alteration due
to its experimental simplicity and stability. The measurements in
this study are therefore intended to evaluate the relative change in
rock wettability induced by CO, exposure rather than to directly
quantify in-situ capillary behavior.

2.3. NMR-based method for determining the pore-scale water-
wetness index

Common methods for characterizing rock wettability, such as
contact angle measurements, can quantify the macroscopic sur-
face wettability of rocks, whereas the USBM and Amott index
methods are widely employed to characterize the overall wetta-
bility of core samples. However, these traditional approaches are
insufficient for effectively describing the microscopic wettability
of pores at different scales within the core.

In this work, a new approach based on NMR measurements was
proposed to determine pore-scale water wettability at the
microscopic level. This approach establishes a core pore-scale
water-wetness index (Iw) based on 1D NMR T, spectra of cores
under different conditions: the dry, spontaneous water imbibition,
and pressurized water-saturated states. The index provides a
quantitative measure of the degree of water wettability across
pore sizes of different scales. The core pore-scale water-wetness
index (Iw) is defined as follows:

(1)

where S; represents integrated area of the T, spectrum obtained
from the dry core, ms; S, represents the integrated area of the T,
spectrum obtained from the core after spontaneous water imbi-
bition, ms; S3 represents integrated area of the T, spectrum ob-
tained from the core after pressurized water saturation, ms.

As illustrated in Fig. 2, the procedure for establishing the core
pore-scale water-wetness index (lw) is as follows. The core
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Fig. 2. Establishment process of the core pore-scale water-wetness index (Iy).

samples were initially oven-dried at 90 °C for 24 h to eliminate free
water from both the surface and pore space. However, residual
hydrogen signals were still detected in the dry state, attributable to
organic matter, structurally bound water within minerals, and
isolated (non-connected) pores. The integrated area of the NMR T,
spectrum obtained from the dry core, denoted as Sy, represents the
signal contribution from organic matter, mineral-bound water,
and isolated pores.

Subsequently, the dried cores were subjected to spontaneous
imbibition under ambient conditions (20 °C, 0.1 MPa) for 24 h.
Driven by capillary forces, water spontaneously entered the hy-
drophilic pores of the cores. The NMR T, spectrum was then
measured and integrated to obtain Sy, with the difference (S,-S1)
representing the amount of water imbibed into the hydrophilic
pores.

Following the imbibition stage, the cores were further sub-
jected to pressurized water saturation at 25 MPa for 24 h. Under
these high-pressure conditions, water was able to penetrate all
effectively connected pores, including both hydrophilic and hy-
drophobic ones. The integrated area of the T, spectrum measured
after pressurized water saturation, denoted as Ss, represents the
total water volume occupying all connected pores, while the dif-
ference (S3-S1) corresponds to the overall accessible pore volume.

Therefore, the core pore-scale water-wetness index (Iy), as
defined in Eq. (1), quantitatively describes the ease with which
water invades the core's pore network, thereby characterizing its
overall water-wetness. A higher Iy value indicates that water can
more readily penetrate the pore system, reflecting stronger water-
wet characteristics. When Iy 1, the core is considered
completely water-wet. Conversely, a lower Iy value indicates more
restricted water penetration and weaker water-wetness. When
Iw = 0, the core is regarded as completely oil-wet.

In this study, spontaneous imbibition experiments were per-
formed in a water-air-rock system, where dry cores were
immersed in brine and measured by NMR. Although this config-
uration differs from the water—oil-rock system in actual reservoirs,
the air-phase imbibition approach is widely used as a proxy for
wettability evaluation because it avoids the complexity of
oil-water interactions and enables clearer interpretation of
wettability alteration. More importantly, in NMR T, measure-
ments, the signal of crude oil often overlaps with that of bound
water, making it difficult to accurately quantify pore-scale water
saturation through signal integration. The use of a water—air
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Fig. 3. Correlation between NMR-derived wettability index (Iw) and contact angle.

system effectively eliminates oil-phase signal interference,
thereby improving the reliability of wettability characterization
and the determination of the pore-scale water-wetness index (Iy).
Therefore, the Iy index in this study is primarily engaged to
evaluate the relative wettability changes of shale cores after CO;
exposure, rather than to quantitatively simulate oil-water
displacement behavior under reservoir conditions. Future studies
could incorporate oil-water imbibition experiments to better
represent multiphase flow processes in shale.

To further verify reliability of the pore-scale water-wetness
index (Iw), water contact angles were measured to characterize
macroscopic wettability of shale under the same conditions
(Fig. 3). Results show that the variation trend of Iy is consistent
with that of the measured contact angles. As contact angle in-
creases, representing decrease in water-wetness, the calculated Iy
value correspondingly decreases. The correlation coefficient (R%)
between Iy and contact angle is 0.9882. This consistency indicates
that the NMR-based wettability index effectively captures wetta-
bility evolution of shale during CO; injection process.

Additionally, repeatability tests were performed through par-
allel experiments. The obtained NMR T, spectra and calculated Iy
values show only minor deviations, indicating good repeatability
of the proposed method. Similar NMR-based approaches have also
been widely applied in reservoir characterization and fluid
behavior analysis in low-permeability rocks (Dong et al., 2022).
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This NMR-based wettability characterization method effec-
tively bridges the gap between macroscopic and microscopic
scales, enabling a quantitative evaluation of pore-scale wettability
in complex shale reservoirs. Furthermore, by classifying T, relax-
ation times, the pore system may be subdivided into four cate-
gories: micropores, small pores, mesopores, and macropores,
allowing the determination of microscopic wettability across
different pore scales. By integrating T> spectral data under various
saturation states, the core pore-scale water-wetness index (Iw)
provides a robust foundation for analyzing the evolution of
reservoir wettability during CO, injection, as discussed in the
following section.

It should be noted that the pore size classification was primarily
based on the distribution of NMR T, relaxation times. Previous
studies have demonstrated that NMR T, is intimately related to
pore size in tight and shale reservoirs and can be calibrated with
conventional pore structure characterization methods such as ni-
trogen adsorption and mercury intrusion porosimetry (MIP) (Gao
et al,, 2019; Gao and Li, 2016). In general, shorter T, corresponds
to smaller pores, whereas longer T, represents larger pore spaces.
Based on commonly adopted classification standards in shale
reservoir studies, the pore system was divided into micropores,
small pores, mesopores, and macropores according to the corre-
sponding T, relaxation time intervals.

3. Characteristics of shale wettability variation after CO,
exposure

3.1. Macroscopic wettability alteration of core surface

The macroscopic wettability of core surfaces is typically char-
acterized by water contact angle. Generally, water contact angles
(6w) of 0°=50° correspond to strongly water-wet behavior, 50°-70°
to weakly water-wet conditions, 70°-110° to intermediate wetta-
bility, and values greater than 110° correspond to oil-wet condi-
tions (Arif et al., 2019; Cheng et al., 2021). To assess how organic
precipitation influences the macroscopic wettability of shale
during CO, injection, water contact angles were measured on core
surfaces before and after CO, exposure under different experi-
mental conditions (Fig. 4).

Prior to CO, huff-n-puff, the original cores exhibited a water
contact angle of 40°, reflecting a strongly water-wet surface. In the
pressure-controlled experiments, the temperature was fixed at
70 °C and the soaking period was maintained at 5 days. As the
injection pressure increased, the water contact angle gradually
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Fig. 4. Variation of macroscopic water contact angle on shale surface under different experimental conditions.
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increased after CO, exposure, reflecting a gradual reduction in
macroscopic water-wetness. Under low-pressure conditions (in-
jection pressure <10 MPa), water contact angle rose modestly to
48°, and the core surface remained strongly water-wet. When the
pressure exceeded 15 MPa, the contact angle rose sharply to 68°,
indicating a transition from strong to weak water-wetness. At
20 MPa, the contact angle reached 85°, suggesting that the core
surface became intermediate-wet. Further increasing the pressure
to 25 MPa resulted in a contact angle of 87°, with the surface
remaining intermediate-wet. In the temperature-controlled ex-
periments, the injection pressure was fixed at 20 MPa and soaking
time at 5 days. As the temperature rose, the water contact angle
exhibited a gradual increase, and the macroscopic water-wetness
weakened. At 40 °C, the water contact angle rose to 53° after
CO, huff-n-puff, corresponding to a shift from strongly to weakly
water-wet. As temperature rose to 80 °C, the water contact angle
increased further, reaching 95° indicating a transition to
intermediate-wet state. In the soaking-time-controlled experi-
ments, the pressure and temperature for CO, injection were set to
20 MPa and 70 °C, respectively. With prolonged soaking, the water
contact angle rose from 40° to 103°, marking a change from strong
water-wetness to intermediate-wetness. The further rise in con-
tact angle with prolonged soaking indicates that the core surface
could transition toward a weakly oil-wet state.

The reduction in water-wetness after CO, exposure is primarily
attributed to the precipitation and adsorption of heavy organic
fractions in oil, such as asphaltenes and resins, onto the core sur-
face. Supercritical CO, extraction effect during injection changes
the distribution of crude oil components, inducing the deposition
of these heavy organics. The deposited organic layer renders the
mineral surface more hydrophobic, reduces surface polarity, and
ultimately shifts wettability from water-wet toward intermediate
or even oil-wet. Elevated pressures and temperatures enhance CO,
solubility and mass transfer efficiency, thereby promoting more
extensive organic precipitation. Meanwhile, prolonged soaking
allows additional time for the deposited organics to accumulate
and adsorb on pore surfaces, resulting in more pronounced
wettability alteration. Overall, the organic precipitation is the
dominant mechanism responsible for macroscopic wettability
changes during CO; injection.

Notably, the contact angle obtained in this study corresponds to
the water—-air-rock system rather than the water—oil-rock system,
which is more representative of multiphase flow conditions in
reservoirs. The water-oil-rock contact angle is directly related to
capillary pressure and fluid distribution during oil-water
displacement. However, due to the experimental complexity
associated with measuring oil-water-rock contact angles under
reservoir pressure and temperature conditions, the water—air-rock
contact angle is commonly used as a proxy indicator to evaluate
relative wettability changes of rock surfaces. Although the abso-
lute values of these two contact angles may differ, previous studies
have shown that their variation trends are generally consistent in
reflecting wettability alteration. Therefore, the contact angle
measurements are mainly engaged to characterize relative
wettability changes of shale after CO, exposure, rather than to
directly represent in-situ multiphase flow behavior.

In addition, the actual water—oil-rock system under dynamic
CO, huff-n-puff conditions may exhibit more complex contact
angle hysteresis behavior than the simplified water—air-rock sys-
tem used in this study. Multiphase fluid interactions, oil redistri-
bution, and dynamic adsorption/desorption processes during CO;
injection may influence the evolution of contact angles under
reservoir conditions. Therefore, the measured water—air-rock
contact angle in this work is mainly used as a comparative indi-
cator of relative wettability alteration. Future studies
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incorporating dynamic water-oil-rock contact angle measure-
ments under reservoir conditions are recommended to further
improve the understanding of wettability evolution during CO;
huff-n-puff processes.

3.2. Microscopic pore-scale wettability alteration of cores

Based on the pore-scale water-wetness index established in
Section 2.3, the pore-scale wettability evolution of shale cores after
CO; exposure was analyzed. Fig. 5 shows the T distribution of the
cores before and after CO; injection. According to the distribution of
T, relaxation times, the pore system is classified into four cate-
gories: micropores (T < 0.1 ms), small pores (0.1 ms < T < 1 ms),
mesopores (1 ms < Tz < 10 ms), and macropores (T2 > 10 ms).

Before CO; injection, all dry cores exhibited a characteristic
“high-left, low-right” bimodal T, distribution, with the left peak
significantly higher. This pattern implies that abundant organic
matter, structural water, and residual water in isolated pores are
primarily concentrated within the micropore and small-pore re-
gions. This observation is consistent with the 2D NMR spectra of dry
cores presented in Section 3.3. After water spontaneous imbibition,
the signal amplitudes across all pore-size regions increased,
implying that water entered pores of various scales under capillary
forces and that the cores displayed mixed-wet behavior. When the
cores were subsequently saturated under high pressure, water
infiltrated all connected pores, resulting in a further increase in
signal amplitude. The T, spectra obtained at this stage represent the
fully accessed pore-throat structure of shale.

After CO, exposure, the dried cores also exhibited the same
“high-left, low-right” bimodal T, distribution. However. The overall
NMR signal amplitude increased relative to that of the pre-reaction
cores. This increase is primarily attributed to the precipitation of
heavy organic components in the oil, such as resins and asphal-
tenes, induced by CO,-oil interactions. Subsequently, NMR mea-
surements were performed after spontaneous imbibition and
pressurized water saturation of the reacted cores. The pore-scale
water-wetness index () before and after CO; injection was then
calculated using Eq. (1), as shown in Fig. 6. In the pressure cate-
gories, the initial Iy value of the cores before CO, injection was 0.77.
After CO, exposure, Iy gradually decreased with rising pressure,
indicating a progressive weakening of water-wetness. Upon
reaching 25 MPa, Iy declined to 0.52. In the temperature categories,
the initial Iy was 0.78 and decreased progressively with rising
temperature, reaching 0.45 at 80 °C, suggesting that elevated
temperatures further promote the reduction in water-wetness. In
the soaking-time categories, the initial iy was 0.76 and continued
to decline with prolonged soaking, reaching 0.42 after 15 days.

The variations in the pore-scale water-wetness index before
and after CO, exposure demonstrate that the cores became pro-
gressively less water-wet with increasing pressure, higher tem-
perature, and longer soaking time. These trends are consistent
with the macroscopic contact angle measurements, confirming
the reliability of the experimental observations. Furthermore, the
strong agreement between macroscopic and microscopic wetta-
bility evolution validates that the proposed pore-scale water-
wetness index effectively captures and quantifies the pore-scale
wettability changes.

Based on the T, distribution pore classification and the calcu-
lated pore-scale water-wetness index, the pore-scale wettability
evolution induced by organic precipitation during CO, injection in
shale oil cores was analyzed (Fig. 7). Under all experimental con-
ditions, both the overall and multiple pore-scale water-wetness
indices exhibited negative shifts, indicating a general reduction in
water-wetness after CO, exposure. In the pressure-controlled ex-
periments, higher injection pressures enhanced the extraction of
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Fig. 6. Variation of core pore-scale water-wetness index (ly) under different experimental conditions.

light and intermediate hydrocarbons from oil, thereby promoting
greater precipitation of heavy organic fractions (resins and
asphaltenes) and leading to a more significant decline in core
water-wetness. In the temperature-controlled experiments,
elevated temperatures facilitated the volatilization of light hy-
drocarbons and intensified CO»-oil interactions, leading to stron-
ger organic precipitation and a more pronounced decrease in the
water-wetness index. In the soaking-time-controlled experi-
ments, prolonged soaking enabled continuous extraction of light
hydrocarbons and progressive accumulation of heavy organic
precipitates, causing a gradual reduction in core water-wetness.
Moreover, the degree of wettability reduction exhibited a clear
dependence on pore size. Micropores and small pores showed the
most significant decreases in water-wetness, primarily because
their narrow pore throats are more susceptible to surface coverage
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by organic precipitates. In contrast, mesopores and macropores
experienced comparatively weaker changes, as their larger pore
volumes and wider throats reduced the impact of organic deposi-
tion on surface wettability. Overall, the magnitude of wettability
reduction followed the order: micropores > small
pores > mesopores > macropores.

A correlation analysis was conducted between the water-
wetness indices at different pore scales and the overall core
water-wetness index under various experimental conditions after
CO,-oil-shale interactions (Fig. 8). The results indicate that
wettability of small pores exhibits the strongest correlation with
the overall core wettability (R?> = 0.9193), followed by mesopores
(R? = 0.7901), micropores (R*> = 0.4691), and macropores
(R? = 0.4226). The results indicate that the wettability of small
pores makes a dominant contribution in governing the overall core



B. Han, H. Gao, Z.-D. Lei et al.

Petroleum Science 23 (2026) 7338-7354

. 10 . 10 ., 10
R R R
5 0 g O] T 5 O]
3 8 -10 S -10 4
g 7197 : g
3 x —20 1 % =20 A
3 -20 1 S 4o
£ £ -30 A £ -30 1
» -30 4 » »
© @ -40 4 3 -40
g 40 Overall ¢l % —a— OQverall core % —a— Qverall ¢
[ 71 —=— Overa - J Vi I - 4 Vi Oore
= —e— Micropores 2 7507 _« Viicropores 2 50 1 —«— Vicropores
> 504 —*— Small pores > —a— Small pores > —4— Small pores
© —v— Mesopores % 601 —— Mesopores % 601 —— Mesopores
= —+— Macropores = —+— Macropores = —+— Macropores
-60 ——————s -70 : . . . . -70 — —
8 10 12 14 16 18 20 22 24 26 28 30 40 50 60 70 80 90 0 2 4 6 8 10 12 14 16
Pressure, MPa Temperature, °C Soaking time, d
(a) Pressure-controlled category (b) Temperature-controlled category (c) Soaking-time-controlled category
(70 °C, 5 days soaking) (20 MPa, 5 days soaking) (20 MPa, 70 °C)
Fig. 7. Variation degree of water-wetness index in pores of different scales.
0.9 3.3. Overall wettability alteration of cores
B Micropores
® Small . o
0sd 4 Mr::c,p%?;is The 2D NMR T1-T, spectrum provides a qual}tatlve assessment
¥ Macropores . - of the overall wettability of the cores. Previous studies have
- demonstrated that when a fluid strongly wets the solid surface, the
B 0.7 4 Y =,0.3804X +0.4891 microscopic magnetic field gradients associated with the mineral
5 . R?=0.4691 v matrix accelerate transverse relaxation, thereby shortening the T,
o . . . . .
T o6 4 relaxation time and increasing the T;/T, ratio (Yan et al., 2019;
g Fleury and Romero-Sarmiento, 2016; Yao et al., 2024; Liang et al.,
9; 2019, 2023). Thus, comparing T1/T, ratios obtained from cores
= 054 saturated with a single fluid provides an effective method for
assessing changes in overall core wettability. In this study, 2D NMR
Y =0.5734X + 0.3356 om measurements were conducted under spontaneous imbibition
0.4 1 R2=09193 Y =1.2378X - 0.2758 diti bef d af h . ..
- V= 0.9986X - 0.0492 R? = 04226 conditions before and after CO, exposure to characterize variations
R2=0.7901 in overall core water-wetness, with particular emphasis on the T;/
0.3 r r r r r r . . T, ratios within the capillary-bound water region of the T;—T, maps.
0 01 02 03 04 05 06 07 08 09 To better clarify the fluid distribution within the pore system, the

I (pores of different scales )

Fig. 8. Correlation between the water wetness index of pores at different scales and
the overall core water wetness index after CO,-oil-shale interactions under various
experimental conditions.

wettability, primarily because small pores constitute the most
abundant pore class within the pore network and thus exert the
greatest influence on the core-scale wettability behavior.

T1-T> spectra of the dry cores, spontaneous imbibition cores, and
pressurized water-saturated cores were compared (Fig. 9).

In the dry cores (Fig. 9(a)), the signal intensity in the micropore
region (T, < 0.1 ms) was noticeably higher than in other regions.
This response primarily originates from hydrogen in organic
matter and structural water bound within minerals. Previous
studies indicate that T1/T, ratio of organic matter is significantly
higher than that of structural water, allowing signals in the T> < 0.1
ms region to be attributed to these two distinct components. After
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Fig. 9. Analysis of 2D NMR T;-T, maps of cores under different states.
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pressures; (b) different temperatures; (c) different soaking times.

spontaneous imbibition (Fig. 9(b)), water entered the hydrophilic
pores under capillary forces, leading to a pronounced increase in
NMR signal intensity. This enhancement was most prominent in
the small-pore region (0.1 < T; < 1 ms), corresponding to capillary-
bound water. Following pressurized water saturation (Fig. 9(c)),
the NMR signal amplitude increased markedly across all con-
nected pores, particularly in the meso- and macropore regions
(T2 > 1 ms), representing free water. Since capillary-bound water
primarily forms during spontaneous imbibition under capillary
forces and reflects the degree of pore-scale water-wetness, overall

core wettability can be assessed by analyzing the T, /T, ratio within
the capillary-bound water region. A higher T;/T, ratio indicates
stronger overall water-wetness, whereas a lower ratio corresponds
to weaker water-wetness of the cores.

As shown in Figs. 10 and 11, the 2D NMR T;-T, maps obtained
after spontaneous water imbibition, along with the variation
curves of the T;/T; ratio in the capillary-bound water region before
and after CO, exposure were analyzed to qualitatively assess the
changes in overall core wettability. In the pressure-controlled
experiments, the T1/T> ratio in the capillary-bound water region
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Fig. 11. Variation in the T;/T, ratio of the capillary-bound water region before and after CO, huff-n-puff under different experimental conditions.
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was 5.91 before CO; injection. As the huff-n-puff pressure
increased, the T;/T, ratio gradually decreased, indicating a reduc-
tion in overall core water-wetness. As the pressure increased to
25 MPa, the ratio declined to 1.89. In the temperature-controlled
experiments, with the temperature rising from 40 °C to 80 °C,
the T;/T, ratio decreased from 5.91 to 1.46, suggesting that higher
temperatures weakened the overall water-wetness of the core. In
the soaking-time-controlled experiments, the initial T;/T> ratio
was 5.91 and gradually decreased to 1.29 as the soaking time
increased from 2 to 15 days, indicating a progressive decline in
overall water-wetness with longer soaking durations.

These observations align with the trends observed in both
macroscopic water contact angle measurements and pore-scale
wettability variations, confirming the reliability of the experi-
mental results. Furthermore, they validate the T;/T> ratio of the
capillary-bound water region in 2D NMR maps after spontaneous
imbibition serves as a robust qualitative indicator for assessing
changes in overall core wettability.

It should be noted that paramagnetic minerals in the cores may
influence the absolute NMR relaxation times by enhancing surface
relaxation effects and local magnetic field inhomogeneity. How-
ever, all core samples analyzed were obtained from the same
reservoir interval and exhibit relatively consistent mineral com-
positions and paramagnetic mineral contents. XRD results indicate
that paramagnetic minerals are primarily pyrite and that their
overall content in the selected cores is relatively low. Therefore,
the influence of paramagnetic components on the relative varia-
tion trends of the Ty /T, ratio is considered limited. Accordingly, the
T1/T, ratio in this study is mainly interpreted as a comparative
indicator of relative wettability evolution rather than an absolute
wettability parameter.

4. Mechanisms of wettability alteration induced by organic
precipitation during CO, huff-n-puff

4.1. Precipitation of heavy organic fractions in oil

CO; injection in shale oil facilitates the extraction of light and
intermediate hydrocarbon fractions through CO,-oil interactions,
resulting in the accumulation of heavy organics including resins
and asphaltenes. Fig. 12 presents the compositional variations of
the produced oil under different experimental conditions. Prior to
CO, injection, the original crude oil comprised 70.89% saturates,
10.40% aromatics, 13.01% resins, and 5.70% asphaltenes. After CO,
exposure, notable compositional changes were observed. In the
pressure-controlled experiments, as the pressure increased, the
contents of saturates and aromatics in the produced oil gradually
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rose, while those of resins and asphaltenes declined. When the CO,
injection pressure reached 25 MPa, the produced oil consisted of
82.24% saturates, 11.35% aromatics, 5.31% resins, and 1.10%
asphaltenes. In the temperature-controlled experiments,
increasing temperature similarly promoted higher saturate and
aromatic contents and reduced resins and asphaltenes, with the
produced oil at 80 °C containing 82.10% saturates, 11.83% aro-
matics, 5.05% resins, and 1.02% asphaltenes. In the soaking-time-
controlled experiments, prolonging the soaking time led to
enrichment of saturates and aromatics and a corresponding
decrease in resins and asphaltenes in the produced oil. After 15
days of soaking, the produced oil consisted of 83.60% saturates,
11.51% aromatics, 3.88% resins, and 1.01% asphaltenes.

Overall, with rising pressure, elevated temperature, and pro-
longed soaking duration, the produced oil became progressively
lighter due to the enrichment of intermediate and light hydro-
carbons and the depletion of heavy fractions. These results indi-
cate that CO,—crude oil interactions promote the deposition of
heavy organic components, which is pivotal in modifying reservoir
wettability during CO, injection. To quantitatively evaluate the
effects of resin and asphaltene deposition on reservoir wettability,
the resin precipitation ratio (Ryp) and the asphaltene precipitation
ratio (Rap) during CO; injection were defined, as expressed in Eqs.
(2) and (3), respectively.

Rrpzw x 100% (2)

1

where R; represents mass fraction of resins in the initial oil sam-
ple, %; Ry represents mass fraction of resins in the produced oil
sample, %.

A — A

Rap=—1 2

A, x 100%

(3)

where A; represents mass fraction of asphaltenes in the initial oil
sample, %; A, represents mass fraction of asphaltenes in the pro-
duced oil sample, %.

To quantitatively evaluate the effects of resin and asphaltene
deposition on reservoir wettability, correlation analyses were
performed between the precipitation ratios of resins and asphal-
tenes and the macroscopic water contact angle of the core surface
under various experimental conditions (Figs. 13 and 14). A strong
positive correlation was observed between the contact angle and
the precipitation ratios of resin and asphaltene. As the precipita-
tion ratios increase, the contact angle exhibits an upward trend,
signifying a reduction in water-wetness of the core surface. These
findings demonstrate that the deposition of heavy organic

100 100 100
= 80 - / = 80 - ./__//_/'—/' = 80 - //._’~—/—-
=3 =3 =3
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© © ©
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(20 MPa, 70 °C)

Fig. 12. Variation in produced oil composition after CO, huff-n-puff under different experimental conditions.
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Correlation between the resin precipitation ratio and the wettability contact
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Fig. 14. Correlation between the asphaltene precipitation ratio and the wettability
contact angle.

fractions, particularly resins and asphaltenes, plays a key role in
modifying rock wettability during the CO, injection process.
Resins and asphaltenes possess abundant polar functional
groups, including phenolic hydroxyl, carboxyl, and ester groups,
which can adsorb onto the rock surface through electrostatic in-
teractions and hydrogen bonding. This adsorption process

(a) Untreated
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promotes the formation of a hydrophobic organic film which re-
duces the rock's affinity for water, resulting in a wettability tran-
sition from a strongly water-wet condition to intermediate- and
oil-wet conditions. Notably, the correlation between the asphal-
tene precipitation ratio and the contact angle (R?> = 0.9328) is
stronger than that for resins (R* = 0.8284), indicating that
asphaltene precipitation exerts a more pronounced effect on sur-
face wettability alteration. This is primarily because asphaltenes
have larger molecular weights, lower solubility, and more complex
aromatic and polycyclic structures, which promote their precipi-
tation and strong adsorption onto the rock surface. As a result, a
relatively thick hydrophobic film forms, significantly weakening
the rock's water-wetness. In contrast, resins have smaller molec-
ular weights and weaker polarity, making them less prone to
extensive precipitation and less capable of forming continuous
hydrophobic films, thereby exerting a comparatively smaller in-
fluence on wettability alteration.

It should be noted that, after CO, treatment, the core samples in
this study were depressurized to atmospheric pressure for sub-
sequent NMR measurements and wettability characterization. In
field CO; injection operations, however, reservoir pressure typi-
cally does not decrease to atmospheric conditions and usually
remains at approximately 1000-2000 psi. Rapid depressurization
to ambient pressure may reduce CO, dissolution in crude oil and
destabilize the 0il-CO, system, which could promote additional
precipitation of heavy organic fractions such as asphaltenes.

Therefore, the extent of organic precipitation observed in lab-
oratory experiments may be somewhat higher than that under
actual reservoir conditions. Nevertheless, the experimental design
allows the relative effects of CO, treatment on organic precipita-
tion and wettability alteration to be systematically evaluated.
Future studies could incorporate controlled pressure depletion to
better simulate field pressure conditions and further quantify the
pressure dependence of asphaltene precipitation during CO;
injection.

4.2. Surface morphology alteration of the core

During CO, injection in shale oil, heavy organic fractions such
as resins and asphaltenes precipitate from the crude oil and sub-
sequently adsorb onto the rock surface, inducing noticeable
changes in core surface morphology and significantly affecting
reservoir wettability. As illustrated in Fig. 15, thin-section images
of the cores captured before and after CO, exposure at varying
pressure conditions show clear evidence of resin and asphaltene
precipitation following CO, exposure. Furthermore, as the huff-n-
puff pressure increases, both the quantity and spatial distribution
of these heavy organic precipitates become more pronounced,

g rhmes

(c) CO; huff-n-puff (15 MPa)

(d) CO, huff-n-puff (25 MPa)

Fig. 15. Heavy organic deposition in core pores after CO, huff-n-puff under different pressures.
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Fig. 16. SEM images of heavy fraction deposition after CO, exposure in shale oil.

Table 4
Relative elemental composition of the marked areas in the SEM images of heavy
organic deposits (Fig. 16).

Number Element Relative mass fraction, %  Relative atomic fraction, %
1 C 42.50 52.38

2 0] 41.46 38.32

3 N 4.87 5.14

4 K 224 0.85

5 Ca 8.93 3.31

Total 100 100

indicating enhanced precipitation and stronger surface coverage
under higher-pressure conditions.

To further characterize the microscopic features of the precip-
itated heavy organics, FE-SEM coupled with EDS was employed to
analyze their morphology and elemental composition. As shown
in Fig. 16, FE-SEM images of the post-CO, exposure precipitates,
together with the corresponding EDS results summarized in
Table 4, reveal that the heavy organic fractions form a contin-
uous, film-like layer on the rock surface. At a magnification of
100,000x, the precipitate displays a distinctly granular and rough
surface texture. Elemental analysis demonstrates that carbon (C) is
the dominant constituent, with a relative atomic fraction of
52.38%, followed by oxygen (0) at 38.32%, further confirming the
organic nature of the deposited material.

The deposition of heavy organic fractions, including resins and
asphaltenes, can significantly modify core surface roughness.
Atomic force microscopy (AFM) was utilized to quantitatively
characterize the micro- and nanoscale surface roughness of cores
prior to and following CO, exposure and to evaluate its influence
on wettability. As shown in Fig. 17, prior to CO; exposure, the AFM
images indicate that the core surface is mainly composed of pores,

Heavy organic precipitate
protrusions

9.8 ym
9.8 ym

-

-

9.8 um
(b) CO, huff-n-puff (10 MPa)

(a) Untreated

9.8 um

5.0 um

-1.3 pm

throats, and microfractures, whereas the matrix displays a
comparatively smooth morphology. The arithmetic mean rough-
ness (Ra) and root-mean-square roughness (Rq) were 363 nm and
438 nm, respectively. After CO, exposure, the number of micro-
scopic protrusions rose markedly, resulting in an overall
enhancement in surface roughness. Both the density of surface
asperities and the roughness parameters further increased with
rising huff-n-puff pressures. At 25 MPa, Ra and Rq reached 455 nm
and 567 nm, respectively. This roughness increase is primarily
attributed to the heterogeneous deposition of resins and asphal-
tenes on the core surface, forming sheet-like and clustered mi-
crostructures that intensify surface undulations. These
observations are consistent with the FE-SEM results, further con-
firming the impact of heavy organic precipitation on surface
morphology.

Correlation between core roughness and water contact angle
pre- and post-CO, huff-n-puff demonstrates that enhanced surface
roughness corresponds to rising in contact angle, indicating a
progressive reduction in water-wetness (Fig. 18). The contact angle
exhibits strong positive correlations with both Ra and Rq, yielding
correlation coefficients of 0.8942 and 0.9116, respectively. This
trend is primarily attributed to the deposition of asphaltenes and
resins during CO, huff-n-puff. These heavy organic fractions are
enriched in high-molecular-weight hydrophobic hydrocarbons,
which alter the chemical properties of originally hydrophilic
mineral surfaces, rendering them increasingly hydrophobic. In
addition, the heterogeneous deposition of resins and asphaltenes
significantly increases the micro- and nanoscale roughness of the
core surface. According to Wenzel's wetting model, increased
surface roughness amplifies the intrinsic wettability of the sur-
face; thus, when hydrophobic organic films form, additional
roughness further enhances hydrophobicity, resulting in larger

Heavy organic precipitate g Organic precipitate
8 protrusion © protrusions
— [
5.0 um ’./ , \ 5.0 um
-1.3 pm -1.3 ym
0 9.8 ym 0 9.8 ym

(c) CO; huff-n-puff (15 MPa) (d) CO, huff-n-puff (25 MPa)

Fig. 17. AFM images of core surfaces before and after CO, huff-n-puff: (a) AFM images of untreated shale samples; (b) AFM images of shale samples after CO, huff-n-puff at
10 MPa; (c) AFM images of shale samples after CO, huff-n-puff at 15 MPa; (d) AFM images of shale samples after CO, huff-n-puff at 25 MPa.
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Fig. 18. Correlation between core surface roughness and water contact angle.

contact angles. Therefore, CO,-induced precipitation of resins and
asphaltenes not only modifies the surface chemistry of the core
but also increases its surface roughness, and these combined ef-
fects jointly intensify the decline in water-wetness.

4.3. Pore structure evolution of the core

After CO, exposure, the precipitation of heavy fractions of oil
reduces the effective pore volume and narrows the pore throat
radius, thereby influencing the pore-scale wettability of the core.
Based on the NMR T, spectra of pressurized water-saturated cores
pre- and post- CO; huff-n-puff, variations in pore structure were
quantitatively characterized. As depicted in Fig. 19, CO, huff-n-puff
conducted under varying experimental conditions consistently
resulting in a reduction in pore volume. In the pressure-controlled
experiments, increasing the pressure from 10 MPa to 25 MPa
enlarged the pore volume reduction from —2.46% to —6.94%. In the
temperature-controlled experiments, elevating the temperature
caused the pore volume reduction to increase from -—2.04%
to —8.01%. Similarly, in the soaking-time-controlled experiments,
extending the soaking duration increased the pore volume
reduction from —3.04% to —8.07%. This progressive decline in pore
volume can be attributed to the enhanced precipitation of heavy
organic fractions, with increasing pressure, elevated temperature,
and prolonged soaking time. These precipitates preferentially
adsorb onto the pore surfaces and partially block pore throats,

forming organic coatings that reduce pore volume and diminish
pore connectivity within the core.

In addition, the pore volume variation at different pore size
scales was further analyzed (Fig. 20). The results show that the
pore volume reduction is mainly concentrated in micropores and
small pores, whereas mesopores and macropores exhibit relatively
limited changes after CO, exposure. This behavior is attributed to
the stronger confinement effect and larger specific surface area of
smaller pores, which promote the adsorption and deposition of
heavy organic fractions such as resins and asphaltenes. The pref-
erential pore volume reduction in micropores and small pores is
also consistent with the stronger wettability alteration observed in
these pore systems in Section 3.2.

To further investigate the effect of pore structure alteration on
pore-scale wettability, correlation analysis was performed be-
tween the degree of pore volume variation and the pore-scale
water-wetness index after CO, exposure at varying experimental
conditions (Fig. 21). A strong positive correlation (R?> = 0.9503) is
observed between these two parameters: as the pore volume
variation degree becomes more negative, the pore-scale water-
wetness index also decrease, indicating a progressive weakening
of water-wet characteristics. This phenomenon is mainly due to
the deposition of heavy organic fractions, including resins and
asphaltenes, on pore surfaces during CO; injection. These deposits
reduce the intrinsic affinity of mineral surfaces for water, shifting
pore-scale wettability from water-wet toward intermediate- or
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Fig. 19. Pore volume variation before and after CO, huff-n-puff under different experimental conditions.
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Fig. 21. Correlation between pore volume variation degree and pore-scale water-
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oil-wet conditions. During spontaneous imbibition, this wetta-
bility shift alters both the direction and magnitude of capillary
forces, transforming them from promoting water entry into the
pore space to resisting it. Furthermore, the reduction in pore vol-
ume and the narrowing of pore throats caused by organic depo-
sition increase capillary pressure according to the capillary-force
equation, thereby further inhibiting water intrusion. As a result,
the pore-scale water-wetness index declines, and the overall
water-wet behavior of shale is significantly weakened.

In addition to pore volume variation, pore surface roughness
and structural heterogeneity also play important roles in con-
trolling reservoir wettability. Fractal dimension is widely
employed to describe the complexity and heterogeneity of pore
structures in shale reservoirs, where higher values generally
indicate increased surface roughness and heterogeneity, poten-
tially enhancing the adsorption of heavy organic components and
thereby influencing wettability alteration. Although fractal
dimension was not explicitly quantified in this study, the impact of
surface roughness on wettability has been quantitatively evalu-
ated using AFM in Section 4.2. The results demonstrate that CO;-
induced organic precipitation alters the surface morphology and
roughness of the core, which in turn contributes to wettability
evolution. Therefore, the influence of pore surface heterogeneity
has been partially captured through roughness characterization.
Nevertheless, a more rigorous quantification of pore structural
heterogeneity through fractal analysis, combined with NMR,
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nitrogen adsorption, and mercury intrusion porosimetry (MIP), is
recommended for future studies to achieve a more comprehensive
insight into shale pore structure and its effects on wettability.

5. Conclusions

This study investigates the Chang 7 shale oil reservoir in the
Ordos Basin to elucidate the effects of CO»-induced organic pre-
cipitation on reservoir wettability during the CO; huff-n-puff
process. Dynamic CO, huff-n-puff experiments were performed
in combination with contact angle measurements, 1D NMR T,
spectra, and 2D NMR Ti-T, spectra. A pore-scale water-wetness
index based on 1D NMR was established to quantitatively char-
acterize microscopic wettability variations across different pore
scales. By integrating analyses of oil composition, core surface
morphology, and pore-structure evolution, the study reveals the
mechanisms through which CO;-induced organic precipitation
alters reservoir wettability, providing valuable insights for
improving recovery efficiency and evaluating the stability of
geological CO; storage. The key conclusions can be summarized as
follows.

(1) COz-induced organic precipitation significantly alters
reservoir wettability. Increasing huff-n-puff pressure, tem-
perature, and soaking time progressively weakens core
water-wetness, shifting it from strongly water-wet to
intermediate-wet, and ultimately toward weakly oil-wet
conditions.

(2) Wettability alteration varies across different pore scales. The
reduction in pore-scale water-wetness index follows the
order: micropores > small pores > mesopores > macropores.
Small pore water-wetness exhibits the strongest correlation
with overall core wettability (R*> = 0.9193), indicating its
dominant contribution to overall core wettability.

(3) Asphaltene precipitation is the primary driver of wettability
alteration. CO,—crude oil interactions induce the precipita-
tion of heavy fractions, including resins and asphaltenes,
leading to a lighter produced oil. The contact angle corre-
lates with resin precipitation at R? 0.8284, and with
asphaltene precipitation at R = 0.9328, highlighting the
stronger effect of asphaltenes on wettability.

(4) Organic precipitation alters surface roughness and pore
structure, intensifying wettability alteration. Deposition of
heavy organic fractions increases core surface roughness
and decreases pore volume, further weakening water-
wetness. The contact angle shows strong correlations with
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surface roughness parameters Ra and Rq, with coefficients
of 0.8942 and 0.9116, respectively, while the correlation
between pore-volume variation and the pore-scale water-
wetness index reaches 0.9503, indicating that pore-
structure evolution plays a critical role in controlling
wettability changes.
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