
Advances in
Geo-Energy Research Vol. 22, No. 2, p. 103-117, 2026

Original article

Occurrence states of organic matter modulate the surface
properties of shale nanopores

Xu Li1,2, Jingong Cai2, Huimin Liu3, Junliang Li3, Zheng Li3, Jianchao Cai4 *

1College of Geophysics and Petroleum Resources, Yangtze University, Wuhan 430100, P. R. China
2State Key Laboratory of Marine Geology, Tongji University, Shanghai 200092, P. R. China
3Exploration and Development Research Institute of Shengli Oilfield Company, SINOPEC, Dongying 257015, P. R. China
4State Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum, Beijing 102249, P. R. China

Keywords:
Wettability
surface potential
organic matter occurrence states
shale nanopores
fluid invasion

Cited as:
Li, X., Cai, J., Liu, H., Li, J., Li, Z., Cai,
J. Occurrence states of organic matter
modulate the surface properties of shale
nanopores. Advances in Geo-Energy
Research, 2026, 22(2): 103-117.
https://doi.org/10.46690/ager.2026.11.02

Abstract:
The surface properties of shale nanopores, governed by the coexistence of mineral
surfaces and adsorbed organic matter, fundamentally controls fluid invasion, occurrence,
and mobility in confined spaces and is therefore critical for shale oil and gas recovery.
However, the individual contributions of organic matter with different occurrence states to
wettability and surface potential remain poorly quantified. In this work, these contributions
were decoupled using successive dichloromethane extraction and sodium hypochlorite ox-
idation, combined with multiple geochemical and petrophysical characterization methods.
Experimental results confirmed progressive organic matter removal and the liberation of
pore wall surfaces. The removal of solvent-extractable organic matter reduces the water
contact angle, while that of organic matter through subsequent oxidation causes further
reduction. Surface potential measurements also revealed that the removal of organic matter
with different occurrence states exerts distinct effects on the electrochemical properties of
pore walls. Work of adhesion calculations indicated an increasing trend during progressive
organic matter removal, quantitatively linking organic matter occurrence to interfacial
free energy. The observed fluid imbibition behavior demonstrated that invasion into sub-
100 nm pores is selectively hindered by residual organic matter, and the second-stage
imbibition rate correlates positively with wettability. These findings establish a quantitative
link between organic matter adsorption states and nanoscale interfacial properties, they
providing a mechanistic framework for predicting fluid behavior in organic rich shales and
offering theoretical support for understanding shale wettability alteration and optimizing
surfactant selection.

1. Introduction
Shales contain abundant nanoscale pores, and the occur-

rence and flow behavior of fluids therein control the oil-bearing
property and mobility of shale oil and gas. These processes
are crucial for the efficient exploration and development of
shale oil and gas resources. The occurrence and flow of
fluids in nanopores are strongly controlled by the nature of
pore wall-fluid interfacial interactions (Dong et al., 2019; Cui

et al., 2025). Wettability and electrical properties obtained
from contact angle and surface potential measurements are
important means for evaluating the characteristics of pore wall-
fluid interfacial interactions and predicting fluid flow behavior
(Isah et al., 2022; Cai et al., 2024). The controlling factors
of shale wettability have been widely investigated, regarding
the effects of mineral composition, temperature, pressure, ionic
strength, etc. (Jia et al., 2025; Zheng et al., 2025). Moreover, a
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positive correlation has been reported between organic matter
abundance and rock-air-water contact angle (Singh et al., 2016;
Begum et al., 2019). The authors also noted that organic mat-
ter occurrence significantly modifies the adsorption behavior
(Kholodov et al., 2018; Shah et al., 2018) and electrochemical
properties (Huang et al., 2026) of minerals. Nevertheless, the
role of organic matter occurrence remains poorly constrained,
particularly across different occurrence states.

Wettability is a key quantitative parameter characterizing
fluid-solid interfacial interactions. Shale wettability is strongly
heterogeneous and arises from internal and external factors.
The latter, encompassing fluid chemistry, temperature and
pressure, have been relatively well studied (Li et al., 2025;
Xia et al., 2026). Internal factors include the complex mineral
and organic matter compositions of shale; different minerals
(Zhang et al., 2025; Wang et al., 2026b) as well as kero-
gen of different types and maturities (Suekuni et al., 2024;
Fu et al., 2025) can produce contrasting wetting behaviors.
Variable wettability leads to significant differences in the
spatial distribution, occurrence mode (adsorbed-to-free ratio)
and flow behavior of fluids in pores (Jiao et al., 2024; Cai
et al., 2026). Pore walls with different attributes have distinct
properties. Combined with the proportions of different pore-
wall types (Iltaf et al., 2025; Sun et al., 2026) and changes
in pore wall types during diagenetic transformation (Wang et
al., 2024; Chen et al., 2025), the wettability of shales with
different compositions and at different evolutionary stages can
be predicted. However, while external fluid and environmental
factors have been emphasized (Jia et al., 2025), existing re-
search on internal factors is mainly simulation-based and lacks
macroscopic systematic studies. Attention to organic matter
has also been limited to comparisons between kerogen and
minerals or among kerogens of different types and maturities
(Begum et al., 2019; Lawal et al., 2020). However, organic
matter in shale exists not only in the form of kerogen but also
soluble organic matter and mineral bounded organic matter
(Cai et al., 2020). To this end, the distinct contributions of
organic matter in different states to wettability remain poorly
understood.

The characterization of electrochemical properties is like-
wise an integral component in the study of the modes and
mechanisms of solid-fluid interactions (Koopal, 2012; Zhang
et al., 2026). These properties govern the binding modes and
strengths between molecules of different chemical activities in
fluids and minerals or mineral-organic composites (Kleber et
al., 2021). Surfactant flooding is a widely employed enhanced
oil recovery (EOR) method. Surfactants are classified by
headgroup charge into cationic, anionic and nonionic types
(Isah et al., 2022). The selection of an appropriate surfactant
type depends on the specific reservoir characteristics (Pal et
al., 2018). The conventional principle for surfactant selection is
that cationic surfactants are matched to negatively charged sur-
faces. However, the occurrence of organic matter on pore-wall
surfaces can mask the charge properties of the underlying min-
erals and alter both the polarity and electrochemical activity of
the pore wall surface (Chorover et al., 2004). If surfactants are
selected solely based on electrokinetic detection results, the se-
lection may fail, thereby reducing EOR efficiency. Therefore,

how organic matter affects the electrochemical properties of
minerals also warrants attention.

More importantly, organic matter in shale does not exist in
isolation but forms mineral-organic complexes with minerals
through physical and chemical interactions such as hydro-
gen bonding, hydrophobic interactions, cation exchange, and
cation bridging (Kleber et al., 2021; Zhang et al., 2025).
Different binding modes imply different binding strengths,
providing a possibility for separating organic matter with
different occurrence states. The commonly used separation
methods include solvent extraction (Zhang et al., 2025),
chemical wet oxidation (Mikutta et al., 2005), and thermal
treatment (Mayer et al., 2004; Wagai et al., 2009). However,
residual samples from the thermal treatment method often
suffer from structural damage due to dehydration (Kok et
al., 2023; Sun et al., 2026), making them unsuitable for
wettability characterization. In contrast, solvent extraction only
removes soluble organic matter and does not damage minerals.
Similarly, the sodium hypochlorite (NaClO) oxidation method
has been proven to cause weak mineral damage (Siregar
et al., 2005; Li et al., 2020). Therefore, it is favorable to
combine solvent extraction with dichloromethane (CH2Cl2)
and oxidation by NaOCl for sample pretreatment to remove
organic matter occurring in different states (Zhu et al., 2016).
The novelty of the present study lies in combining suc-
cessive separation with contact angle and surface potential
measurements to quantify the distinct contributions of organic
matter occurrence states to pore wall interfacial properties and
fluid flow. Atomic force microscopy (AFM) provides high-
resolution surface topography and, in Kelvin probe modes,
the quantitative mapping of nanoscale surface potential (Yin
et al., 2012; Walker et al., 2017). This enables a direct assess-
ment of the electrical heterogeneity of pore walls before and
after organic matter removal. Imbibition, driven by capillary
and interfacial forces, is a sensitive probe of pore wall-fluid
interactions: The imbibition rate and imbibed volume reflect
the dynamic behavior of confined fluids (Lv et al., 2025; Zheng
et al., 2025). Combining these two methods with contact angle
detection allows linking molecular-scale interfacial properties
to macroscopic fluid invasion behavior.

In this study, a successive treatment method was used
to separate organic matter in different occurrence states. To
characterize the wettability and surface potential of samples,
contact angle and AFM measurements were performed before
and after treatment, revealing the controlling effect of organic
matter occurrence states on the interfacial properties. Samples
with different lithofacies were selected for spontaneous imbi-
bition to investigate the relationship between wettability and
fluid flow, in order to identify differences in wetting behavior
and their controlling effect on the imbibition process. We
also aimed to clarify the importance of interfacial properties
research in pore wall-fluid interaction studies. The findings
have important theoretical and practical value for shale oil
resource evaluation and the optimization of EOR methods.

2. Materials and methods
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2.1 Materials and pretreatments
Argillaceous source rock samples were collected from the

Dongying Sag, Bohai Bay Basin, China, covering depths of
3,300-4,330 m within the Shahejie Formation (Table S1).
They were crushed to 20 mesh and divided into three groups:
(1) untreated raw samples; (2) samples subjected to Soxhlet
extraction using a 9:1 dichloromethane/methanol mixture at
48 ± 2 ◦C for 10 days (Mikutta et al., 2005); and (3) samples
extracted and further oxidized using a 6% NaClO solution (pH
8) at room temperature (Li et al., 2020). Since reduced reaction
times and fewer cycles have been shown to decrease organic
matter removal efficiency (Kaiser and Guggenberger, 2003;
Siregar et al., 2005), 8 cycles, each with a 12-hour reaction
time, were implemented to ensure more complete organic
matter removal. After oxidation, samples were soaked in
deionized water for about 30 minutes, rinsed three times to
remove residual salts and oxidant, and dried for analysis and
testing. Because contact angle results are strongly affected by
surface roughness, samples in all three of groups were ground
to 200 mesh and pressed using an HY-12 press at 30 MPa
for 200 s. The effectiveness of the pressing conditions was
verified by AFM height measurements. Samples with different
lithofacies were selected for surface potential detection. The
core columns (2.5 cm in diameter) of Samples 27, 28, 31,
and 34 (differing in lithofacies and organic matter content)
were drilled parallel to the bedding plane via wireline cutting
for imbibition and nuclear magnetic resonance (NMR) tests.
All samples before and after pretreatments underwent Rock-
Eval pyrolysis, as well as N2 adsorption and contact angle
detections to obtain the total organic carbon (TOC), S1, S2,
specific surface area (SSA), and contact angle values (Tables
S1 and S2; Fig. 1).

2.2 Pyrolysis
Pyrolysis was performed on a Rock-Eval VI instrument

following the Chinese National Standard GB/T 18602-2001.
After grinding to 200 mesh, samples were heated under helium
flow. Hydrocarbons were detected using a hydrogen flame
ionization detector, while CO2 was measured with a thermal
conductivity detector. The instrument was preheated to a
constant temperature of 300 ◦C, after which approximately 60-
70 mg of each sample was introduced. Initially, the samples
were kept at 300 ◦C for 3 min to obtain free hydrocarbons
S1. Then, the temperature was raised to 600 ◦C at 25 ◦C/min
to obtain cracking hydrocarbons (S2) and CO/CO2 generated
during the pyrolysis reaction (S3CO, S3). Finally, the samples
were cooled to 300 ◦C, transferred to an oxidation furnace, and
heated to 850 ◦C at a rate of 25 ◦C/min to quantify CO/CO2
generated from the oxidation reaction (S4CO, S4). A blank and
a duplicate were included for every ten samples. TOC content
was calculated based on the measured parameters according
to GB/T 18602-2001.

2.3 SSA
Approximately 1-2 g of sample was crushed to a particle

size of 20 mesh and degassed by keeping at 80 ◦C for more
than 6 hours under vacuum (10 µm Hg) to remove adsorbed
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Fig. 1. Contact angles before and after pretreatments for each
sample.

moisture and volatile matter prior to the low-temperature (77
K) N2 adsorption analysis. Measurements in the adsorption
mode were performed over the relative pressure (P/P0) range
of 0.001-0.995. Then, the SSA for each sample was deter-
mined by the inversion of adsorption branch of the isotherm
using the Brunauer-Emmett-Teller analysis procedure at a
relative pressure range of 0.05-0.30 (Brunauer et al., 1938).
The molecular sectional area of N2 was 0.162 nm2.

2.4 Interfacial characteristics
2.4.1 AFM and Kelvin probe force microscopy

Gold-coated silicon probes (Au-coated Si) were used for
both the topographic and Kelvin probe force microscopy
(KPFM) measurements. All measurements were performed in
air under ambient conditions (room temperature, 40% relative
humidity). Topographic images were acquired in semi-contact
(intermittent-contact) mode at a resolution of 512 × 512
pixels, with a scan rate of 1 Hz. KPFM was performed
simultaneously with topography using a two-pass amplitude-
modulation scheme. In the first pass, the surface morphology
was recorded in semi-contact mode; in the second pass, the
Au-coated silicon probe retraced the surface potential profile
at a constant lift height of 100 nm above the surface.

2.4.2 Contact angle

The contact angle of samples before and after sequential
processing was measured using the sessile drop method with
4 µL deionized water droplets at 20-25 ◦C and 40%-60%
relative humidity. Due to its effectiveness in describing droplet
interfacial behavior, the Young-Laplace equation was applied
for fitting the droplet profiles to determine the contact angles.

2.5 Spontaneous imbibition
Samples were first dried in an oven at 60 ◦C until a constant

weight was achieved, then their initial mass was recorded.
During imbibition, each sample was placed vertically on a
permeable stone, and the mass was measured to quantify water
uptake (Table S3). NMR measurements were simultaneously
performed to monitor fluid distribution and pore structure
evolution throughout the process (magnetic field strength:
0.3 ± 0.05 T. resonance frequency: 12 MHz). The Carr-
Purcell-Meiboom-Gill sequence was employed to acquire the
T2 relaxation time spectra under the following parameters: A
waiting time of 4,000 ms, an echo spacing of 0.15 ms, a total
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Fig. 3. Changes in (a) SSA and (b) contact angle in response to pretreatments.

of 12,000 echoes and 32 scans, and a controlled temperature
of 25 ◦C.

2.6 X-ray diffraction
Bulk mineral composition was detected by X-ray diffrac-

tion on samples used for the AFM and imbibition tests to better
explain the causes of differences in their imbibition and surface
potential characteristics. The testing procedure was carried out
in accordance with the petroleum and natural gas industry
standard SY/T 6210-1996. The specific conditions were: A
Cu target with a tube voltage of 30 kV and a tube current of
40 mA. The scan rate was set at 2◦ (2θ ) per minute, covering
a 2θ range of 3◦ to 40◦.

3. Results

3.1 Organic matter removal efficiency
The Rock-Eval pyrolysis results for samples from wells

NY1, N876, LY1, and LS101 before and after pretreatments
were listed in Table S1. Following solvent extraction, the
average values decreased from 3.40% to 2.62% for TOC, 4.07
to 0.26 mg/g for S1, and 13.60 to 8.58 mg/g for S2 (Fig. 2),
indicating a substantial retention of soluble organic matter in
shale. These soluble organic matter occupy pore space and
surface sites (Li et al., 2020), potentially influencing wettabil-
ity measurements. Subsequent oxidation further reduced the
average values to 2.02% for TOC, 0.21 mg/g for S1, and
5.54 mg/g for S2 (Fig. 2), confirming the presence of organic
matter connected to minerals mainly by chemical bonds that
prevented their extraction (Du et al., 2022).

3.2 Changes in SSA during pretreatments
The pore wall SSA reflects the extent of organic matter

coverage on pore-forming minerals, and its variation in re-
sponse to different treatments indicates the removal efficiency
of surface organic matter during successive reactions. The
analysis of SSA changes in response to pretreatments (Table
S2, Fig. 3(a)) shows that the SSA of raw samples ranged from
0.11 to 22.98 m2/g (avg. 4.18 m2/g). After extraction, SSA
increased to 4.14-39.55 m2/g (avg. 16.00 m2/g), indicating
that the soluble organic matter removal effectively liberated
previously occupied surfaces, consistent with previous studies
(DiStefano et al., 2016; Li et al., 2020). The SSA ranged from
3.68 to 39.97 m2/g (avg. 17.49 m2/g). Although the average
SSA further increased, several samples, primarily from the
deeper, higher-maturity LS101 well (Ro up to 1.2%) (Ping et
al., 2017; Zou et al., 2018), showed decreased values. This
may reflect the partial destruction of organic matter-hosting
pores during oxidation (Li et al., 2016; Chen et al., 2017).
Alternatively, water penetration into clay mineral interlayers
may cause swelling and pore blockage, thereby reducing
N2 adsorption and lowering the measured surface area. In
summary, sequential treatments progressively removed shale
organic matter and liberate pore walls, significantly influencing
the interfacial characteristics detection.

3.3 Surface roughness and surface potential
characteristics

To clarify the effect of organic matter occurrence on
surface potential, four lithofacies samples were selected and
their pretreatment-induced surface potential changes were
compared. Because contact angle and surface potential mea-
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Fig. 4. (a) Surface roughness and (b) surface potential characteristics reviewed by AFM.

surements are affected by surface roughness, AFM roughness
tests were first performed on pressed pellets. The surface
relief was within several hundred nanometers (Fig. 4(a)), far
smaller than the millimeter-scale droplet diameter used in
contact angle measurements, underscoring that the pellets were
suitable for both surface potential and contact angle tests. The
surface potentials of shales with various lithofacies gradually
shifted toward negative values after the successive treatments.
However, the magnitude of change differed markedly among
samples (Figs. 4(b) and 5). After extraction, the laminated
mixed shale showed the largest decrease (+247.67 to +107.09
mV), the laminated calcareous shale changed little (+60.95 to
+54.72 mV), the massive mixed shale decreased from -95.63
to -147.36 mV, and the layered mixed shale increased slightly
from +96.24 to +101.44 mV. After oxidation, all samples
shifted markedly toward negative values (Figs. 4(b) and 5):
The laminated mixed shale to +36.94 mV, the laminated cal-
careous shale to -97.06 mV, the massive mixed shale to -248.21
mV, and the layered mixed shale to -8.54 mV. These results
indicate that the surface potential and its variations are jointly
controlled by mineral composition, organic matter content, and
organic matter occurrence state. Solvent-extractable organic
matter strongly affects laminated mixed shale, whereas organic

matter is removed by oxidation, generally enhancing surface
electronegativity.

3.4 Wettability response to pretreatments
Contact angles were measured before and after sequential

treatments. The results showed that the contact angles of the
original sample ranged from 19.12◦ to 96.22◦, with an average
of 44.64◦ (Fig. 3(b)). After extraction, the contact angle of
shale varied within the 14.71◦ to 53.62◦ range, averaging
a reduction to 30.55◦ (Fig. 3(b)). Following oxidation, the
contact angle further decreased to the 0.00◦ to 42.96◦ range,
averaging a reduction to 19.72◦ (Fig. 3(b)). Consequently,
organic matter removal progressively shifts wettability toward
hydrophilic. A few samples showed slight increases after
treatment, likely due to polar organic matter adsorption and
mineral composition. Polar functional groups in organic matter
can enhance water-wetting (Begum et al., 2019; Jagadisan
and Heidari, 2022), whereas carbonate minerals tend to be
more oil-wetting under certain conditions (Sedghi et al., 2016;
Taheri-Shakib et al., 2018). This reduction implies that the
occurrence of organic matter will modify the surface properties
significantly, pointing out the necessity of pretreatments.
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3.5 Spontaneous imbibition
All the imbibition curves exhibited a two-stage character-

istic and the normalized imbibition water contents of shale
samples, following the order of 31 > 28 > 27 > 34 (Fig.
6; Table S3). The slopes of the first stage of Samples 28,
31 and 34 were greater than the second stage, while Sample
27 exhibited higher slope of the second imbibition stage
(Fig. 6; Table S4). The T2 relaxation time spectra at key
imbibition stages revealed distinct fluid invasion patterns (Fig.
7). Samples 27 and 34 showed limited water entry into large

pores (T2 > 2 ms), with ongoing invasion in smaller pores.
Sample 27 exhibited prolonged invasion into small pores,
whereas other samples (especially Samples 28 and 31) showed
minimal secondary-stage invasion. This is consistent with the
more pronounced increase in signal intensity in the T2 < 2
ms range for Sample 27 during the second imbibition stage.
The large pores of Samples 28 and 31 increased significantly
in the final stage of imbibition (especially for Sample 31),
indicating structural damage and imbibition-induced cracking
(Bai et al., 2024; Mu et al., 2025). Overall, both imbibition
behavior and pore-scale invasion rates varied markedly across
samples.

4. Discussion

4.1 Surface characteristics modified by organic
matter
4.1.1 Surface potential

According to previous analysis, the potential generally
shifted gradually toward more negative values during the
successive treatments (Figs. 4(b) and 5). This is because
the newly exposed negative charge sites after organic matter
removal are primarily contributed by silanol (Si – OH) and
aluminol (Al – OH) groups (Liu et al., 2015), which are
the principal active sites for acid-base chemistry on clay
mineral surfaces and can form hydrogen bonds and surface
complexes with polar components such as water, thereby
enhancing surface hydrophilicity and electronegativity. The
physical adsorption of OH– , rather than the acidic dissociation
of surface hydroxyls, may also be one of the important causes
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Table 1. Comparisons of average surface potential, mineral compositions and lithofacies.

No.
Average surface potential (mV)

Clay (%) Quartz + feldspar (%) Carbonates (%) Lithofacies

Raw Extracted Oxidized

6 -95.63 -147.36 -248.21 25.27 30.91 38.92 Massive mixed shale

7 +60.95 +54.72 -97.06 31.38 36.72 28.63 Laminated calcareous shale

9 +247.67 +107.09 +36.94 36.49 32.04 21.35 Laminated mixed shale

43 +96.24 +101.44 -8.54 13.1 23.82 60.27 Layered mixed shale
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Fig. 7. Evolution of NMR transverse (T2) relaxation time spectra during imbibition: (a) Sample 27, (b) Sample 28, (c) Sample
31, and (d) Sample 34.

of the negative shift in surface potential (Zhang et al., 2024).
In contrast, organic matter-covered surfaces display a more
positive surface potential owing to the masking of negative
charge sites and/or the suppression of their OH– adsorption
capacity. The effects of organic coatings on the electrochem-
ical properties of kaolinite, montmorillonite and illite have
been systematically investigated. Organic coatings were found
to significantly increase the negativity of surface charges,
causing marked decreases in both the zero point of charge
and zeta potential (Zhuang and Yu, 2002). In a Hawaiian basalt
chrono sequence, it was further revealed that organic matter
coatings on crystalline iron oxides and kaolinite surfaces led
to flatter charging curves and lower points of zero net proton
charge, demonstrating that organic coatings alter the surface
electrochemical behavior of underlying minerals (Chorover

et al., 2004). These results are contrary to our finding that
organic matter removal leads to a negative shift in surface
potential, and also differ from the common understanding that
organic matter generally exhibits a negative surface potential
(Kang et al., 2025). Therefore, the interfacial charge behavior
of mineral-organic complexes cannot be simply inferred from
either component alone, and differences in the property of
surface-exposed functional groups caused by binding modes
may be a more important cause of the surface potential
differences.

From the perspective of occurrence state differences,
solvent-extractable organic matter exerts a more pronounced
effect on surface potential. After extraction, laminated mixed
shale showed a decrease of ∼140 mV, whereas laminated
calcareous shale decreased by only ∼6 mV (Table 1). This
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Fig. 8. Contact angle of shales from Niuzhuang Sag (gray shading) and Lijin Sag (green shading) before and after pretreatments.
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large inter-lithofacies difference reflects variations in organic
matter content and occurrence mode. Massive mixed shale
already had a negative surface potential (-95.63 mV), which
further decreased to -147.36 mV after extraction and to -
248.21 mV after oxidation (Table 1). Such changes indicate
that this lithofacies has intrinsically strong negative surface
charge, which is further enhanced by organic matter removal.
As for laminated calcareous shale, due to its higher carbonate
content being generally positively charged (Na et al., 2007),
its surface potential changed minimal during extraction, and it
shifted significantly toward negative values after the removal
organic matter by subsequent oxidation (Table 1). These dif-
ferences indicate that the controlling mechanisms of different
organic matter occurrence states on pore wall electrochemical
properties are lithofacies-dependent, a nuance that has not been
sufficiently addressed in single-mineral studies.

4.1.2 Wettability

Molecular dynamics simulations have indicated that the
water contact angle on pure kerogen surfaces is 65◦-75◦, while
the raw sample contact angle in this study (44.64◦) was lower
(Wang et al., 2026a), reflecting the mixed mineral-organic
character of the shale surface. As organic matter is progres-
sively removed, the contact angle decreases from 44.64◦ to
30.55◦ after extraction and further to 19.72◦ after oxidation
(Figs. 3(b) and 8). The final value approaches the water-
wet limit expected for clean mineral surfaces. The average

reductions of 14.09◦ and 10.82◦ at the two stages indicate
a continuous shift toward more water-wet conditions during
pretreatment. Using the Young-Dupré relation with the surface
tension of water taken as 72.8 mJ/m2, the corresponding
work of adhesion increases from approximately 124.6 to
135.5 mJ/m2 and then to 141.3 mJ/m2 (Liu et al., 2024).
The wettability and surface energy alteration are primarily
governed by changes in interfacial composition and surface
chemistry. Organic matter coatings reduce water wettability
by masking hydrophilic mineral sites and exposing nonpolar
functional groups, which lowers the surface free energy of
pore walls. As soluble organic matter is removed, previously
covered hydrophilic mineral sites become exposed (Fig. 3(a)),
increasing surface free energy and strengthening interactions
between pore walls and water. Chemically adsorbed organic
matter only covers part of the mineral surface sites, and it
typically contains more hydrophilic functional groups. The
net change in wettability depends on the balance between
residual hydrophobic organic coverage and the extent to which
hydrophilic mineral surfaces have already been exposed. The
progressive decrease in contact angle reflects the continuous
exposure of hydrophilic mineral surfaces and the associated
increase in surface energy. The contact angle and work of
adhesion results consistently indicate that organic matter re-
moval progressively shifts the surface toward a more water-wet
state through the exposure of hydrophilic mineral sites and the
associated increase in surface energy.
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Fig. 9. Correlations of contact angle with (a) TOC, (b) S1 and S2 for samples before and after pretreatments.

Marked differences were observed in the contact angle
changes of shale samples from different intervals and regions
during sequential treatments (Fig. 8). Shales from the lower
Eslower

3 and the upper submember of Esupper
4 were more re-

sponsive to treatments, with the most pronounced response
in shales from the Lijin Sag. An important reason for this
difference may be the thermal evolution degree of shale.
Based on the relationship between burial depth and vitrinite
reflectance (Zou et al., 2018), as well as the Tmax data (Table
S1), shales in the Lijin Sag and upper submember Esupper

4
are mainly in the peak hydrocarbon generation stage (vitrinite
reflectance is approximately in the range of 0.7 to 1.0%.).
These shales contain relatively high contents of soluble organic
matter and respond significantly to treatments, especially to
extraction. This indicates that both the occurrence states of
organic matter and the transitions between these states during
evolution (Du et al., 2022) significantly affect the differences
in shale wettability during the successive treatment process.
Further analysis of the relationship between organic matter
parameters and contact angle before and after successive treat-
ments showed that TOC, S1 and S2 generally exhibited good
positive correlations with the rock-air-water contact angle (Fig.
9). After extraction, the pyrolysis S1 values of the samples
were very low, and the surface was essentially not covered,
resulting in a poor relationship with contact angle (Fig. 9(b)).
After further oxidation, organic matter decomposition released
a small amount of S1, which exhibited a strong positive
correlation with contact angle (Fig. 9(b)), indicating that only a
small amount of organic matter covering the pore-wall surface
or remaining in pores can significantly alter interfacial wetta-
bility. More importantly, the alteration of sample wettability
by organic matter is not necessarily achieved solely through
covering the pore-wall surface. Although the increase in SSA
after oxidation is not significant (Table S2; Fig. 2(a)), the
residual organic matter after oxidation still slightly suppresses
the hydrophilicity of the rock by forming mineral-organic
complexes with minerals or occurring in particulate form.

Shale contains abundant organic matter in various occur-
rence states. The wettability and surface potential of raw
shale reflect mixed contributions of bare mineral pore walls,
predominantly physically organic matter coated walls, and
minor chemically organic matter coated walls (Fig. 10).
CH2Cl2 extraction exposes mineral walls previously exten-

sively covered by solvent-extractable organic matter (Fig.
3(a)). Because clay minerals (montmorillonite, illite), the main
nanopore contributors in the study area (Li et al., 2021),
are more hydrophilic and negatively charged than organic
matter, both hydrophilicity and negative charge were markedly
enhanced. Subsequent NaClO oxidation exposed part of walls
mainly covered by chemically bonded organic matter, fur-
ther increasing the mineral-wall fraction and thereby fur-
ther enhancing these properties. Therefore, organic matter
significantly altered the interfacial properties of pore walls,
transforming mineral-fluid interfacial interactions into those
between mineral-organic matter complexes and fluids. The
different functional groups exposed at organic matter versus
mineral interfaces caused different interaction forces, strongly
affecting fluid flow and occurrence. Removing organic matter
in different occurrence states is thus essential for studying
mineral interfacial properties.

4.2 Interfacial dynamics of fluid imbibition
Imbibition experiments establish a direct link between

macroscopic surface wettability and nanoscale interfacial fluid
dynamics. The positive correlation between the slope of
second-stage imbibition (K2) and contact angle demonstrates
that matrix surface wettability serves as the primary control on
fluid invasion into small pores (Table 2). The two-stage imbi-
bition pattern reflects the heterogeneous nature of the confined
surface. The first stage, dominated by fracture and large-pore
invasion, is governed by the wettability of the most accessible
surfaces. Meanwhile, the second stage, which correlates with
matrix wettability, reflects the progressive invasion of fluid
into smaller pores where the interfacial resistance from organic
matter coatings is more significant (Yang et al., 2018). This
interpretation is supported by recent work, which demonstrated
that imbibition combined with NMR effectively distinguishes
the wettability contributions of different pore networks, with
clay-associated pores exerting a dominant control on overall
imbibition behavior after organic matter extraction (Zhang et
al., 2023).

T2 relaxation time monitoring revealed a size-dependent
interfacial response (Figs. 7 and 11). Fluid invasion into sub-
100 nm pores was selectively hindered in samples with higher
residual organic matter content (Table 2), while larger pores
and fractures were less affected. This size dependence can
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be understood in terms of the capillary pressure required for
invasion, which scales inversely with pore radius. In small
pores, the capillary pressure is high, and the presence of an
organic matter coating significantly increases the interfacial
resistance to water invasion. A novel technique combining
NMR and vapor adsorption to decouple hydrophobic and
hydrophilic pores has confirmed this scale effect. Hydrophobic
nanopores mainly exist in organic matter and their nanoscale
hydrophobicity is controlled by thermal maturity. Specifically,
hydrophobic pores smaller than 50 nm are primarily governed
by organic matter thermal maturity, while microscale pores
exhibit decreased hydrophobicity due to the development of
more hydrophilic clay-associated pores (Xiong et al., 2026).
Molecular dynamics simulations of nanoconfined imbibition
during shut-in have provided mechanistic insights into the
wetting hysteresis phenomenon and the deviation of imbibition
velocity from theoretical values (Jiang et al., 2024). The
competitive adsorption of water molecules and oil molecules
on the pore walls, along with the stratified adsorption structure
of shale oil, explains the reduced imbibition efficiency in

organic matter-rich nanopores. Our experimental results pro-
vide macroscopic validation of these simulation predictions,
demonstrating that the primary control on fluid invasion is
achieved by the reversal of interfacial wettability of small
pores. This finding enables the prediction of nanoscale fluid
behavior from macroscopic surface measurements, without
requiring direct nanoscale observation.

By integrating lithofacies, mineralogy, TOC, contact an-
gles, and imbibition slopes (Fig. 6; Table 2), several patterns
emerge:

1) Higher TOC generally corresponds to larger contact an-
gles (Roshan et al., 2016; Siddiqui et al., 2018), and the
notably high angle in Sample 34 may be due to its high
carbonate content (Al-Maamari and Buckley, 2003).

2) Smaller contact angles correlate with larger K2, indicating
that stronger hydrophilicity enhances late-stage imbibi-
tion.

3) K1 shows poor correlation with contact angles, but aligns
closely with fracture development degree.
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Table 2. Comparisons of the slopes of imbibition curves, TOC, mineral compositions and lithofacies.

No. K1 K2 S1 (mg/g) TOC (%) Clay (%) Quartz + feldspar (%) Carbonates (%) Lithofacies

27 0.1153 0.2534 2.72 1.69 25.27 30.91 38.92 Massive mixed shale

28 0.2785 0.1585 4.08 2.44 31.38 36.72 28.63 Massive mixed shale

31 0.3231 0.1332 6.76 3.68 36.49 32.04 21.35 Laminated mixed shale

34 0.1787 0.1299 6.95 3.03 13.10 23.82 60.27 Laminated calcareous shale

4) Laminated shales exhibit lower K2 values than massive
shales, likely due to the higher organic matter content
(Zeng et al., 2018) and finer clay-related pores (Kuila
and Prasad, 2013), which hinder water penetration into
the matrix.

According to the above analyses, a schematic diagram
of the shale imbibition process was proposed (Fig. 11). For
laminated shales, water initially imbibes rapidly through bed-
ding fractures and into hydrophilic mineral-associated or larger
pores, corresponding to the first stage of the imbibition curve.
Subsequently, imbibition progresses into organic-rich laminae
or smaller pores at a considerably reduced rate, forming the
second stage of the imbibition curve (Fig. 11(a)). For massive
shales, water also imbibes into the rock through large pores or
fractures at the initial stage, and the imbibition rate is domi-
nated by fractures and large pores. Subsequent penetration into
smaller pores follows two distinct patterns (Fig. 11(b)). The
accelerated imbibition rate of Sample 27 may be attributed
to its more developed small pores and lower organic matter
abundance, which result in a stronger capillary force on water.
In contrast, the reduced imbibition rate of Sample 28 may be
due to its less developed small pores and higher organic matter
abundance, which result in stronger capillary resistance to
water. In summary, the imbibition process correlates closely to
rock fabric, mineralogy, pore structure, fracture network, and
wettability. While contact angles reflect matrix pore wettability
by eliminating fracture effects, the correlation between the
imbibition rate constant K2 (massive samples) and contact
angles characterizes small pore wettability. At the same time,
the development degree of bedding fractures is qualitatively
indicated by the initial rate constant K1.

4.3 Implications for interfacial science and EOR
The quantitative decoupling of organic matter adsorption

states on interfacial wettability advances our understanding of
how organic coatings modify mineral surface properties in nat-
ural porous media. Solvent-extractable organic matter exerts
a larger effect than organic matter removed by subsequent
oxidation. This suggests that the molecular organization of
adsorbed layers, rather than just their total amount, is a key
determinant of interfacial properties (Carmody et al., 2007;
Possinger et al., 2020). Solvent-extractable organic matter
covers more hydrophilic mineral sites and contains more
nonpolar functional groups; therefore, its removal exposes hy-
drophilic mineral sites and markedly alters wettability. Organic
matter removed by subsequent oxidation covers only part of

the mineral surface and typically contains more hydrophilic
groups, so its oxidative removal produces a weaker wettability
change. These results have direct implications for hydraulic
fracturing design: The strong dependence of fluid invasion
on mineral wettability implies that water-based fracturing
efficiency depends critically on residual organic matter amount
and state. In shales with high solvent-extractable organic
matter content, the reduced water wettability of the interface
may significantly inhibit water invasion, potentially reducing
the efficiency of water-based stimulation (Xu and Dehghan-
pour, 2014; Singh, 2016). Active silica nanofluids can enhance
shale oil recovery through synergistic wettability alteration
and capillary displacement (Wang et al., 2025b); they achieve
low interfacial tension and a hydrodynamic diameter of 22
nm. Micropores (< 0.07 µm) contribute 50.94% of oil re-
covery. Studying the wettability differences among pores of
different sizes can provide an important theoretical basis for
the design of wettability modification methods. Considering
the variations in organic matter occurrence in shale pores of
different sizes (Qi et al., 2019; Li et al., 2020), research on
the relationship between organic matter occurrence and pore-
wall wettability is of great significance. Nanoconfined flow
in shale reservoirs exhibits slip behaviors and complex mul-
tiphase dynamics dependent on the interfacial properties (Cai
et al., 2024). The experimental quantification of how organic
matter adsorption states modulate surface energy and wettabil-
ity offers a mechanistic basis for predicting fluid behavior in
organic-rich confined spaces. The surface energy framework
also has implications for CO2 storage. CO2 adsorption on
kerogen increases the water contact angle and reduces water
wettability, which is beneficial for sequestration but potentially
hinders water-based EOR (Fang et al., 2024). Our successive
pretreatment method characterizes baseline mineral wettability
before CO2 injection, so it would benefit the prediction of
CO2-induced alteration.

Surface potential is another critical interfacial property
governing fluid-solid interactions that wettability alone cannot
reveal. AFM in KPFM mode revealed that after organic
matter removal, the shale surface potential shifts toward more
negative values. According to the DLVO theory, electrostatic
interaction between charged surfaces and fluids is a key
component of disjoining pressure, directly affecting wetting
and retention behavior in nanopores (Binazadeh et al., 2016).
The balance between capillary pressure and disjoining pressure
determines nanoscale wetting film thickness and fluid retention
(Zou et al., 2021). This finding indicates that the strength of
surface potential directly determines the degree of electrostatic
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attraction or repulsion of fluids near the pore walls. Organic
matter removal enhances the negative surface potential, which
not only promotes water molecule orientation near negatively
charged surfaces and leads to ordered hydration layers but
also generates stronger electrostatic repulsion for negatively
charged organic molecules and stronger attraction for cations.
Shale wettability alteration in supercritical CO2-brine-oil sys-
tems confirm that zeta potential changes directly indicate
wettability alteration (Jiang et al., 2025). Viscoelastic surfac-
tant fracturing fluids reduce the absolute zeta potential value
and transform shale surfaces from hydrophobic to hydrophilic
through charge interactions (Huang et al., 2025). These prior
findings corroborate our observation that the negative shift
after organic matter removal leads to water-wet conditions.

The significant change in surface potential has decisive
influence on ionic surfactant selection. The adsorption of
cationic surfactants is much higher than anionic surfactants
on shale due to electrostatic attraction between positively
charged head groups and negatively charged surfaces (Yekeen
et al., 2019). Therefore, organic matter removal significantly
alters the electrostatic environment of the mineral surface,
which in turn controls the adsorption affinity and mobil-
ity of ionic surfactants. From an engineering perspective,
traditional surfactant selection typically conducts adsorption
tests on original cores. However, organic matter presence
significantly changes the electrostatic environment, and the
real mineral surface potential after organic matter stripping
should be fully considered to avoid selection failure caused
by the shielding effect. In summary, the negative shift in
surface potential after organic matter removal explains the
wettability shift toward water-wet conditions and reveals how
electrostatic interactions control selective fluid retention and
surfactant adsorption, bridging interfacial physical chemistry
with engineering practice for designing more effective EOR
strategies in organic-rich shale reservoirs.

5. Conclusions
This study conducts a quantitative evaluation of how dif-

ferent organic matter adsorption states regulate the surface
characteristics and fluid invasion behavior of shale nanopores.
The main conclusions are as follows:

1) Successive pretreatment enables quantitative decoupling
of the surface contributions from mineral surfaces,
solvent-extractable organic matter, and organic matter
removed by subsequent oxidation. Both adsorption states
contribute significantly to the reduced water wettability
of shale surfaces, with solvent-extractable organic matter
exerting a larger effect than organic matter removed by
subsequent oxidation. Surface energy analysis confirms
that the work of adhesion increases from 124.6 to 141.3
mJ/m2 during organic matter removal.

2) Imbibition reveals a size-dependent interfacial response.
Fluid invasion into sub-100 nm pores is selectively hin-
dered by residual organic matter, while larger pores are
less affected. The second-stage imbibition rate provides
a direct proxy for the wettability of nanopores rich in
residue oil. The positive correlation between the second-

stage imbibition slope and contact angle establishes a
quantitative link between macroscopic surface measure-
ments and nanoscale fluid invasion behavior in confined
spaces. Such a link enables the prediction of fluid behav-
ior in organic-rich porous media without requiring direct
nanoscale observation.

3) Surface electrical property and wettability are crucial
for evaluating shale oil and gas exploration and de-
velopment efficiency, optimizing development strategies
and surfactant selection, as well as assessing CO2-EOR
performance. Residual organic matter can shield mineral
surface charge and modify pore-wall wettability. Ignoring
organic matter occurrence states may lead to a biased
evaluation of reservoir surface properties, inappropriate
surfactant selection, and unreliable prediction of CO2-
EOR performance. Integrating surface potential and wet-
tability characterization with organic matter occurrence
states is therefore essential for improving exploration and
development efficiency in organic-rich shale reservoirs.

4) Shale pores of different sizes exhibit distinct wettability
and fluid imbibition characteristics. To reveal how organic
matter retained in matrix pores controls fluid imbibi-
tion behavior, future studies should explore imbibition
experiments on shale particle samples before and after
successive pretreatments.
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