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ABSTRACT: Adhesion is an intrinsic property of rocks and - T
liquids. Investigating the factors contributing to its formation and Lus W - . 4+
the mechanisms governing its action is crucial for elucidating the “E ' z
adhesion work between solids and liquids. The adhesion work, Ameont SRS H ;
serving as a parameter that characterizes the energy changes during
the solid—liquid contact process, is a vital tool for probing this
phenomenon. However, conventional measurements of the
adhesion work are significantly influenced by surface roughness
and fail to differentiate local variations in the adhesion perform-
ance. This limitation obscures our understanding of the primary
adsorption sites and mechanisms between solids and liquids, posing
significant challenges to the study of rock surface properties. In this
study, in conjunction with scanning electron microscopy and contact angle analyses, we elucidated for the first time the locations
where voids form during the solid—liquid contact process, the lithological composition of rough areas, and their impact on the
adhesion work between water/oil and the surfaces. Additionally, employing atomic force microscopy (AFM), we examined the
variations in water/oil—solid adhesion work across different characteristic regions, thereby characterizing the overall hydrophilic/
hydrophobic properties of the rock core. Specific conclusions are as follows: (1) A negative correlation exists between roughness and
the contact angle adhesion work, with heterogeneity impeding liquid-rock contact; (2) By comparing the strength of water—solid/
oil—solid adhesion work within localized areas, we delineated the adhesion work characteristics of samples and their primary
generation sites, with oil—solid adhesion work in target blocks predominantly originating from quartz, clay minerals, and organic
matter; (3) The influence of pore throat development on the overall adhesion work of samples was clarified, demonstrating that an
increase in the proportion of internal rock pores enhances the surface oil—solid adhesion work; (4) A dimensionless wetting index I
was established to mitigate the impact of roughness on the expression of adhesion work, exhibiting a strong correlation with
traditional evaluation methods.
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1. INTRODUCTION

Globally, the increasing demand for petroleum resources and

shale formations, identifying the primary adsorption sites of
crude oil, and exploring related influencing factors are crucial

the depletion of conventional oil and gas reserves have led to
significant attention for unconventional reservoirs. Among
these, shale formations have garnered immense interest, with
global technically recoverable resources reaching up to 700—
800 billion tons, prompting extensive exploration.' > However,
this heightened interest is accompanied by significant
challenges.” Regarding solid—liquid interactions, the hetero-
geneity of reservoir pore structures, variations in lithological
segments, and mineral components can cause fluctuations in
the adhesion work to crude oil, contributing to the complexity
of mixed wetting distributions,”® thereby rendering macro-
scopic evaluation methods insufficient for accurately character-
izing microscopic adhesion phenomena.” Thus, accurately
assessing solid—liquid interactions at the microscopic level in
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for understanding crude oil storage spaces and enhancing oil
detachment efficiency.

In the petroleum industry, the investigation of solid—liquid
adhesion capacity under varying conditions has remained a
focal point.'°”'? Essentially, owing to intermolecular
forces,"'* the distance between solid and liquid phases
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progressively decreases until they come into close prox-
imity.'>'® This mutual attractive force is primarily represented
by the adhesion work, a pivotal indicator for evaluatin§ energy
changes between solid and liquid phases.'”">'® Upon
alterations in external or sample physical conditions, the
adhesion work either strengthens or weakens, influenced by
factors such as surface roughness, temperature, mineral
composition, and surface organic matter adsorption.6’7’17_21
Under constant external conditions, mineral distribution,
organic matter adsorption, and surface roughness are regarded
as the principal factors influencing solid—liquid adhesion.

On the one hand, scholars have delved into the particularity
of rock surface wettability from a physical perspective. It has
been reported that surfaces of minerals like quartz, feldspar,
and clay exhibit hydrophilicity,”>~** while carbonate rock
minerals tend to be more hydrophobic.'”**~*” This distinction
primarily arises from the surface properties of the minerals.
Due to variations in adhesion work between water-rock and
oil-rock, samples exhibit varying degrees of adsorption capacity
when in contact with crude oil. However, this conclusion is
valid only under clean conditions; in the presence of organic
matter in reservoir spaces, internal hydrophobic polycyclic
aromatic hydrocarbons undergo spontaneous coupling with
hydrophilic polar groups, adsorbing onto solid surfaces.”**’
This process alters the wetting equilibrium among solid/
liquid/gas phases by modifying the distribution of charged
particles on the solid surface and interfacial tension, thereby
influencing the adhesion between rock and liquid. (Note that
interfacial tension is closely associated with the expression of
surface adhesion work. Changes in the distribution of surface
charges directly affect the surface energies of solids. When
surface charges are more densely distributed, the surface
energy also increases. Surface energy is directly related to
surface tension and exhibits a positive correlation. Therefore,
the distribution and density of surface charges will directly
impact surface tension, consequently affecting wettability).
Studies have shown that adsorbed asphaltene on solid surfaces
can alter surface wettability.”*">> Consequently, the resulting
mixed wetting distribution varies due to different oil film
binding sites in local spaces.””

On the other hand, the influence of roughness lies in the
evaluation process of adhesion.”” According to the Wenzel and
Cassie models,”™*> when rocks are relatively hydrophobic,
increasing surface roughness can significantly increase the
contact angle of water droplets. Although surface roughness
can be controlled through grinding and polishing to some
extent, it only addresses the large scratches produced during
cutting processes,”® failing to completely resolve the
heterogeneous nature of rocks caused by brittle fractures and
depressions between small-sized mineral grains. For traditional
contact angle methods, air entering rough areas hinders solid—
liquid contact, resulting in measurement inaccuracies that do
not fully reflect the adhesion work of samples.””*> Addition-
ally, traditional methods struggle to effectively characterize the
contribution of local adhesion and to evaluate and distinguish
the main development positions of oil—solid/water—solid
adhesion work, leading to an unclear understanding of the
main oil-wet/water-wet spaces of the samples. This affects the
accuracy of crude oil storage evaluations and the oil film
detachment efficiency. Thus, directly measuring the distribu-
tion of oil-rock adhesion work at the microscopic level is
crucial for clarifying residual oil adhesion states, microscopic

oil binding mechanisms, and their controlling factors,
addressing issues such as low oil detachment efficiency.

In recent years, the application of atomic force microscopy
(AEM) in nanoscale research has increased.’”*" Initially,
AFM’s nanoscale tip was primarily used for scanning rock
surfaces, generating two-dimensional (2D) and three-dimen-
sional (3D) topographic maps.*” With the maturity of force—
indentation mode, AFM can provide mechanical information
about scanned material stiffness and sample orientation toward
the tip.””*” Some researchers have modified gold-coated AFM
probes for studying the interaction mechanisms between
specific functional groups and solids, elucidating the
predominant mechanical actions experimentally.**~** The
advantage of AFM in directly evaluating adhesion force lies
in its ability to assess at a smaller scale compared with
conventional contact angle methods, overcoming limitations
related to large droplet volumes. AFM can use probes with
radii of 20—40 nm to evaluate the adhesive properties between
solids and liquids and quantitatively evaluate rocks by using
different types of probes to obtain dominant mechanical
actions.”™ Some AFM studies have evaluated the zeta
potential of mineral surfaces and the mechanical curves of
probe-wall interactions.””~** Atomic Force Microscopy
(AFM) has been applied to the measurement of adhesion
work in actual core samples. For instance, T. Hassenkam and
colleagues™ utilized an AFM probe to measure the chemical
force maps of quartz sand particles extracted from sandstone in
solutions of varying salinity. However, the direct application of
AFM to shale samples remains relatively rare. This is primarily
due to the extensive heterogeneity of shale samples,
interference from organic matter, and challenges associated
with the characterization of liquids and the quantification of
subsequent adhesion levels. Therefore, this study qualitatively
divided shale samples using scanning electron microscopy,
defined experimental regions, measured basic physical proper-
ties, such as lithology and organic matter, and established
quantitative characterization parameters.

In this study, building upon the scanning electron
microscopy (SEM) results, roughness, and basic physical
properties of rocks from previous research (the relevant data is
cited in this article for readers to review directly™®), we
classified the rock surface into two characteristic regions:
Bright Area (BA) and Dark Area (DA). This classification
enabled us to identify the primary areas of roughness
development and investigate the influence of different regions
on contact angle results. These findings facilitate a direct
discussion on the mechanisms and influencing factors of
solid—liquid adhesion work. Based on this foundation, by using
modified hydroxyl and gold—sulfur bond probes, we simulated
the contact process between water-rock and oil-rock and
analyzed the differences in water—solid/oil—solid adhesion
work between different characteristic regions and the reasons
for their generation. Subsequently, based on the adhesion work
values obtained from probe rebound, we established a
dimensionless adhesion work index I, which was used to
evaluate the liquid-rock interactions at microscopic sites. The
new wetting index reduces the influence of roughness on
adhesion work expression, overcomes the shortcomings of
traditional evaluation methods, and lays the foundation for
further studying energy changes in the oil-rock detachment
process.
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Table 1. Inorganic and Organic Components of the Lucaogou Formation of JA and JB*® (Reprinted in part, with permission
from the publisher, cited from Ref 46. Copyright 2023 Energies.)

sample quartz (%) potassium feldspar (%)

JA-3 328 9.2 27.7
JA-4 34.8 6.7 24.1
JA-6 473 13.6 20.5
JB-3 16.4 6.6 37.4
JB-4 19.9 72 51.8
JB-8 19.3 7.5 33

plagioclase feldspar (%)

total clay content (%) calcite (%) dolomite (%) TOC (%)
14.8 4.3 11.2 3.64
21.7 0.5 12.2 5.29
3.5 15.1 5.18
S.1 0.7 4.5 3.48
3.4 0.5 17.6 2.71
3.7 35.6 291

2. MATERIALS AND METHODS

2.1. Materials. The shale samples were obtained from wells
JA and JB in the southeastern area of the Lucaogou (LCG)
Formation in Jimusaer Sag, Xinjiang, China. The Jimusaer
shale reservoir belongs to a mixed lithology type with a more
complex mineral distribution compared to pure shale and
interbedded shale. Therefore, it was necessary to conduct
mineral analysis specifically for the samples required for this
study. The results revealed that the minerals with relatively
high content included quartz, potassium feldspar, sodium
feldspar, and clay minerals, The test results are derived from
our previous research,*® as shown in Table 1.

We initially extracted 25 mm diameter cylindrical core
samples from the full-diameter core. Subsequently, we
controlled the sample thickness by using mechanical cutting
methods. The cores underwent surface treatment using triple-
beam argon ion polishing techniques (refer to Section 2.2 for
specific procedures), resulting in samples with a smooth
surface measuring 25 mm in diameter and 2 mm in thickness.
These samples were prepared for scanning electron microscopy
and atomic force microscopy measurements. Notably, the
samples were preserved in their original state without
undergoing oil washing processes, ensuring maximum integrity
for subsequent analyses.

2.2. Preparation of Sample Flat Surfaces. The smooth
surface of the samples underwent two processes: rough
polishing and fine polishing, performed using the Leica
mechanical thin sectioning machine and triple-beam argon
ion polishing equipment. To eliminate scratches from
mechanical cutting and achieve a flat surface, shale thin
sections were sequentially polished under 9, 2, and 0.5 pm
sandpapers. Subsequently, the samples underwent fine polish-
ing using a triple-beam argon ion polishing system. The thin
sections were alternately polished at voltages of 2 and 5 kV,
each for 20 min per cycle, totaling S cycles, with a working
current of 2 mA. The fine-polished samples aimed to minimize
friction between the probe and sample surface during
subsequent AFM measurements, thereby enhancing exper-
imental precision.

2.3. AFM Measurements. In our study, we employed the
PeakForce mode of atomic force microscopy (AFM), which is
crucial for directly measuring adhesion work at nanoscale
points. AFM offers three contact modes: contact mode,
noncontact mode, and tapping mode, each providing valuable
tools for surface analysis. The PeakForce mode, specifically
utilized in our research, evaluates surface morphology and
adhesion by detecting the vertical mechanical behavior of the
probe on the shale surface.

AFM measurements were conducted using the tapping
mode on each polished sample, with probes connected to the
cantilever of the AFM instrument (Bruker, model Multi-
mode8). The cantilever probe had an elastic constant (k) of

0.350 N/m, a resonance frequency (f0) of 65 kHz, and a tip
radius of 30 nm. All measurements were performed at room
temperature (296.15 K) and atmospheric pressure (1 atm) in
ambient air. A typical scanning rate of 1 Hz was used during
recording, with a maximum scan range of 100 ym X 100 pm.
The height set point was configured at 200 nm, and PeakForce
Quantitative Nanomechanical (QNM) mode was utilized to
obtain surface topography information. The scanning area for
the experiment was set at 20 ym X 20 ﬂm.46

Following surface topography characterization, surface
nanomechanical measurements were conducted using chemi-
cally modified hydrophobic/hydrophilic probes. Probes for
adhesion work measurements underwent the following treat-
ments: (1) for hydrophobic modification, the surface was
treated with dodecanethiol, leading to the formation of gold—
sulfur bonds between the thiol group and the gold-coated
probe, resulting in the self-assembly of a monolayer connected
to the AFM tip. (2) To achieve hydrophilicity and represent
water—solid interface interactions, the AFM probe surface was
modified with hydroxyl groups. Before each experiment, the
probe was thoroughly rinsed with ethanol to remove any
physically adsorbed substances, followed by nitrogen drying to
prevent potential impacts of adsorbed materials on exper-
imental data.

2.4. Contact Angle Measurement. In this study, we
investigated the wetting properties of three adjacent points on
the surface of each shale sample using the sessile drop method.
The sessile drop method is one of the most widely used
techniques for measuring contact angles. It involves placing a
droplet of water (corresponding to the surface roughness
measurement range mentioned later) on the marked positions
on the solid sample surface using a pipet. High-speed cameras
were used to capture the moment of contact between the
solid—liquid interface and the liquid—air interface. This
demonstrated the surface tension relationships between
solid—gas, gas—liquid, and solid—liquid interfaces, as shown
in Figure 1% (1t is noteworthy that Figure 1 incorporates
contact angle models under two types of roughness conditions:
the Wenzel model in Figure 1b and the Cassie model in Figure
lc. The fundamental difference between them lies in whether
air penetrates the rough surface). The coupled relationships
based on the Young—Laplace equation can be expressed as
follows:***°

}/sg_ysl

Ta (1)

cos B =

where g, 7y and yy represent the surface tensions of the
solid—gas, solid—liquid, and liquid—gas phases, respectively.
2.5. Other Tests. We conducted a series of conventional
tests to characterize the physical properties of Jimusaer
Licaogou Formation shale samples, including scanning
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Note: The fund. | difference the Wenzel model and !
the Cassie model lies in whether air is entrapped in the recesses {

Figure 1. Relationship between contact angle and interfacial tension:
(a) contact angle on a smooth surface, (b) Wenzel contact angle on a
rough surface, and (c) Cassie contact angle on a rough surface®
(Reprinted in part, with permission from the publisher, cited from Ref
46. Copyright 2023 Energies.).

electron microscopy (SEM), high-pressure mercury intrusion,
and low-temperature nitrogen adsorption experiments, this
part of the study is consistent with our previous results.*® (1)
Through secondary electron scanning using SEM, we obtained
images that display the surface rock features of the samples.
These SEM images served as complementary tools for
analyzing the surface roughness and adhesion properties.
Within the designated marked areas, sample characteristics
were precisely scanned under magnifications of 500, 100, and
10 pm. This detailed scanning formed the basis for sample
feature classification and analysis, which includes identifying
organic matter deposition areas and understanding the
influence of mineral types on surface roughness. (2)
Quantitative analysis of Jimusaer pore throat types was
conducted by using high-pressure mercury intrusion and low-
temperature nitrogen adsorption experiments. This laid the
groundwork for investigating the impact of pore throat
development on solid—liquid adhesion work on sample
surfaces.

3. RESULTS

3.1. Scanning Electron Microscopy Results. After argon
ion beam polishing, the samples underwent scanning electron
microscopy (SEM) measurements, and the scanned images are
displa;yed in Figure 2. From a broader perspective, Figure
2a,b* displays distinct stratified banding, a salient character-
istic of the shale samples. These layers were formed under
compression during the diagenesis process and are rich in
organic matter, clay minerals, and a significant proportion of
associated quartz. These zones are also the primary reservoirs
of crude oil. Additionally, more measurements were conducted
on the scanning electron microscope (SEM) images of shale
samples at a smaller scale, as shown in Figure 2¢,d. Upon
zooming in from the 500 to 10 pm scale, numerous flat and
rough surfaces were observed on the shale surface, indicating
its unevenness and illustrating step-like development in the
vertical direction, with the smooth portion identified as the
Bright area (BA) and the rough portion as the Dark area (DA),
as depicted in Figure 2¢,d. This classification was previously
discussed in our earlier research.*

Figure 2. Development of Shale Laminations and Microscopic Images
(panels (a) and (b) are sourced from Ref 46 (Reprinted in part, with
permission from the publisher, cited from Ref 46. Copyright 2023
Energies.), while panels (c) and (d) are newly measured images.
Additional images can be found in our previous research).

Due to the limitations of optical microscopy in precisely
determining the probe landing points during atomic force
microscopy (AFM) measurements, it is imperative to classify
the surface accordingly. The rough part appears black under
the microscope, while the smooth surface appears brighter.
Therefore, categorizing the samples into DA and BA facilitates
the AFM measurements.

3.2. Contact Angle Measurement Results. The samples
chosen for contact angle measurements exhibited hydrophobic
properties, as shown in Table 2.*° Sample JA displayed contact

Table 2. Results of Contact Angle Measurements*®
(Reprinted in part, with permission from the publisher,
cited from Ref 46. Copyright 2023 Energies.)

sample site 1 site 2 site 3 average

JA-3 129.3 124.1 133 128.8
JA-4 123.4 121.3 128.2 124.3
JA-6 121.7 124 122.9 122.9
average 125.3
JB-3 124.1 116.3 119.2 119.9
JB-4 112.3 121.3 113.2 115.6
JB-8 125 116.1 120.5 121.5
average 119

angles ranging from 121.3 to 133°, with an average of 125.3°,
while sample JB showed contact angles ranging from 112.3 to
125°, with an average of 119°. These findings suggest that JB
demonstrates relatively weaker hydrophobicity compared to
JA. Importantly, the contact angle measurements revealed
variations in solid—liquid adhesion characteristics across
different points in the same sample. Previous research has
highlighted the influence of surface roughness and mixed
wetting distribution on contact angle results within the contact
area. This variability in wetting behavior at the local level poses
challenges in accurately describing solid—liquid adhesion
properties. Macroscopic assessments may overlook the
presence of oil droplets adhering to rough surfaces. Hence, a
comprehensive understanding of adhesion necessitates consid-
ering both macroscopic and microscopic aspects, acknowl-
edging the intricacies of wetting distribution at various scales,

https://doi.org/10.1021/acsomega.4c03682
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(a)
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Figure 3. (a) 2D surface morphology image and (b) 3D surface morphology image of sample JA-3

(b) 3.1um

-3.8 um

1.1 um

(a)

-706.7 nm

*$ (Reprinted in part, with permission from the

publisher, cited from Ref 46. Copyright 2023 Energies.). (c) 2D surface morphology image and (d) 3D surface morphology image of sample JB-4.

identifying pertinent factors impacting adhesion characteristics,
and minimizing measurement discrepancies.

3.3. Surface Roughness and Measurements. The
surface roughness characteristics of the samples were assessed
by using the contact mode of atomic force microscopy (AFM).
AFM elucidates surface topography by repetitively scanning
the probe along the axial direction, offering an effective means
of analyzing surface roughness. As illustrated in the figures,
both the 2D and 3D images depict fluctuations in the surface
topography. These observations align with scanning electron
microscopy (SEM) findings, indicating regions of the samples
with diverse heights. Specifically, elevated regions tend to
correspond to BA development, while lower areas correspond
to DA development, in accordance with the discussion
presented in Section 3.1 (Figure 3).

To quantify surface roughness, we selected R, (average
roughness) and R, (root-mean-square roughness) as descrip-
tors of surface heterogeneity. Specifically: (1) R, represents the
average deviation of surface profile lines from their mean value,
indicating the degree of flatness or roughness in the horizontal
(or vertical) direction. A smaller R, value indicates a smoother
surface; (2) R, represents the root-mean-square value of
surface roughness, reflecting the overall irregularity of surface
profile fluctuations in the horizontal (or vertical) direction. A
larger R, value indicates a more irregular surface. The
roughness results exhibited sample-specific characteristics,
indicating that shale reservoirs do not develop according to a
uniform roughness pattern. This variation is directly related to
lithological development. For a detailed discussion, refer to our
previous research (Table 3).

3.4. Adhesion Work Measurement Results by Atomic
Force Microscopy. The adhesion work of the shale surface
was measured using modified probes with measurements
conducted on five points each from the BA/DA regions of each
sample for water—solid adhesion work and oil—solid adhesion
work, totaling 10 points. The average values of the measure-
ment results are presented in Table 4.

Table 3. Surface Roughness of the Sample*® (Reprinted in
part, with permission from the publisher, cited from Ref 46.
Copyright 2023 Energies.)

sample R, (nm) R, (nm)
JA-3 692 605
JA-4 529 647
JA-6 518 659
JB-3 114 170
JB-4 458 80.7
JB-8 123 195

The water—solid adhesion work ranges measured by AFM
are as follows: (1) Within BA, JA: 0.742—3.104 nN/nm; JB:
0.72—0.852 nN/nm. (2) Within DA, JA: 2.788—13.184 nN/
nm; JB: 3.098—5.276 nN/nm. The oil—solid adhesion work
ranges are as follows: (1) Within BA, JA: 7.18—16.319 nN/
nm; JB: 3.341—5.65 nN/nm. (2) Within DA, JA: 45.218—
79.597 nN/nm. From the average values, both the water—solid
and oil—solid adhesion work of JA are higher than those of JB,
indicating that the JA well exhibits stronger attraction to water
droplets/oil droplets. However, the results obtained from
contact angle measurements only demonstrate the macro-
scopic oleophilic results and do not reflect the microscopic
solid—liquid adhesion properties. Therefore, separately inves-
tigating the adhesion work between water/oil and rock is an
important approach to understanding the liquid adsorption
capacity of different areas of the Jimsar shale, as a detailed
analysis will be provided in subsequent sections of the article.

4. DISCUSSION

4.1. Correlation between Contact Angle and Contact
Angle Adhesion Work (W,). Figure 4 illustrates the
relationship between contact angle and W, and all three
panels demonstrate a distinct negative correlation. This
indicates that as the contact angle increases, the adhesion

https://doi.org/10.1021/acsomega.4c03682
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Table 4. Results of Adhesion Work Measurement Using AFM

solid—liquid adhesion  solid—liquid adhesion

solid—liquid adhesion

oil—solid adhesion oil—solid adhesion oil—solid adhesion

sample work (DA) work (BA) work (average) work (DA) work (BA) work (average)
JA-3 2.788 0.742 1.765 45.2182 7.18 26.1991
JA-4 12.932 3.104 8.018 79.571 16.319 47.945
JA-6 13.184 2.678 7.931 59.01 15.622 37.316
average 9.63 2.17 5.90 61.27 13.04 37.15
JB-3 4.948 0.72 2.834 13.699 5.65 9.674S
JB-4 5.276 0.952 3.114 10.859 3.341 7.1
JB-8 3.098 0.8164 1.9572 28.652 4.654 16.653
average 4.44 0.83 2.64 17.74 4.55 11.14
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Figure 4. (a) Relationship between contact angle and contact angle adhesion work (W,) for JA. (b) Relationship between contact angle and
contact angle adhesion work (W) for JB. (c) Relationship between contact angle and contact angle adhesion work (W,) for JA and JB.

between water droplets and the rock surface weakens, which is
a fundamental property of wetting behavior.

The reasons for this phenomenon can be attributed to two
factors: (1) the magnitude of the surface adhesion force and
the contact area of water droplets. From the perspective of
adhesion work, it reflects the merging capability between the
two media. Therefore, when the attraction force of the solid
substrate to the liquid is strong, more water droplets adhere to
its surface. (2) The surface adhesion work is directly related to
the solid—liquid contact area; the larger the contact area, the
greater the surface adhesion work. To mitigate this effect, we
kept the volume of the water droplets constant during the
measurement process. However, there is still an interfering
factor: surface roughness. When the sample surface is not
smooth, the contact angle exhibits hysteresis. Hysteresis refers
to the contact angle being in a nonsteady state, causing water
droplets to shift or float on the rock surface, making the
contact angle a dynamic value directly controlled by surface
roughness.

However, the contact angle results do not directly reflect the
size of the contact area (A). Therefore, we used the contact
angle adhesion work (W,) to demonstrate this phenomenon,
and the calculation formula and results are as follows:

W. =0 (1 + cos ) ()

where o represents the surface tension of water and 6 is the
contact angle.

Meanwhile, we derived the contact area between water
droplets and solid surfaces based on the formulas for water
droplet volume and surface area as follows:
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2/3

1%
A=nx 3

9)
n?
2

where V represents the volume of the water droplet.
The calculation results for W, and A are listed in Table S.

20( 3
7 tan 7<,——ta
2 \'sin ¢

)

Table 5. W, and Contact Area (A) of the Shale Samples

sample  JA-3 JA-4 JA-6 JB-3 JB-4 JB-8
W, 26885 31427  32.891 36108  40.890  34.387
A 10615 12211 12722 13810 15429 13230

The results in Figure S indicate a decreasing trend in the
contact angle adhesion work with increasing surface roughness
of the rock. However, it is noteworthy that the trends exhibited
by the two wells are not the same, as shown in Figure 5, with
slopes of —0.031 for (a) and —0.057 for (b). The curve for JB
clearly shows a more pronounced slope, indicating a stronger
influence of the water droplet adhesion on JB samples. From
the perspective of solid—liquid adhesion, JB exhibits stronger
hydrophilicity, meaning there are more hydrophilic sites at the
microscopic scale provided by feldspar and clay minerals (for
the relationship between mineral composition and roughness,
refer to our previous study where it was found that the main
contributors to roughness are TOC, quartz, and clay minerals,
all belonging to DA™). However, the smooth surface of
feldspar is not the primary source of roughness, leading our
attention to focus on the rough clay minerals on the surface. As
surface roughness increases, more air will enter DA, reducing
the number of hydrophilic sites (clay mineral hydrophilicity) in
JB samples compared to JA, thereby diminishing the
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hydrophilic properties. Further discussion will be conducted in
the next section.

4.2. Impact of Roughness on W,. The roughness directly
affects the solid—liquid contact area (A), showing a decreasing
trend in A with increasing R,, as seen in Figure 6, indicating

T

< 13

12 A

10 T T T T T T T T
0 100 200 300 400 500 600 700

Ra

Figure 6. Correlation between R, and A.

that air enters the uneven sample surface during contact angle
measurements. This phenomenon reduces the contact area
between water droplets and the sample surface. The macro-
scopic results do not fully reflect the microscopic distribution
of wettability. Therefore, understanding how to mitigate the
inhibitory effect of surface nonuniformity on wetting
expression is essential for exploring the mutual attraction
between solid and liquid phases.

Adhesion work is the product of the solid—liquid contact
area and adhesion force, as indicated by the formula

W =FA 4)

where F represents the magnitude of the unit adhesion force
and A denotes the contact area.

When the contact area is equal to 1, the adhesion work
directly represents the solid—liquid attraction per unit area.
Therefore, multiplying the unit adhesion force by the unit area
reflects the adhesion work per unit area between solid and
liquid (denoted as W,).

The calculated results indicate that the unit adhesion work
for JA ranges from 2.533 to 2.585 nN/nm, while for JB, it
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ranges from 2.599 to 2.615 nN/nm, with a maximum
difference of 0.0S. This effectively reduces the difference in
adhesion work between the samples (Table 6), showing no
significant positive or negative correlation with roughness, as
shown in Figure 7.

Table 6. Adhesion Work Per Unit Area

sample JA-3 JA-4 JA-6 JB-3 JB-4 JB-8
Wy 2.533 2.574 2.585 2.615 2.650 2.599
bl
4+
~
E
= 3
\
= - ey ™
=
-
— 2
Q
=
l =
0 T T T T T T T T
0 100 200 300 100 500 600 700

Ra

Figure 7. Relationship between surface roughness and unit adhesion
work.

In order to further investigate the impact of roughness on
the adhesion work of water droplets, this study utilized
chemically treated AFM probes, whose tip radius of 20 nm
effectively mitigated the influence of roughness. Adhesion work
measurements were conducted in the nanometer scale on the
samples, selecting S random points each in the BA and DA
regions. The experimental results are listed in Table 4.

Clearly, water droplets exhibit stronger adhesion work in the
DA region, indicating a decrease in DA development as the
roughness decreases. This process compresses the area
available for water droplet adhesion, leading to a decrease in
the overall sample hydrophilicity. It is noteworthy that JA
shows higher water adhesion work, but contact angle
measurements present the opposite conclusion, which is
attributed to oil-wet zone development. On a mixed-wetted
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core surface, the development of oil-wet points also affects the
expression of surface adhesion properties. Therefore, we
conducted a quantitative analysis of oil—solid adhesion work:
the measurements revealed a stronger oil adhesion perform-
ance in DA, demonstrating that the adhesion force between
water/oil is primarily provided by DA, attributed to the
predominance of associated quartz, organic matter, and clay
minerals. Quartz and organic matter are the main reasons for
this phenomenon: (1) Quartz itself has hydrophilic properties,
but this conclusion applies only to clean quartz surfaces; after
oil aging is completed, quartz surfaces will undergo wetting
modifications and exhibit oleophilic properties. Associated
quartz develops in the fissures of large-grain rocks during
formation processes, undergoing significant modifications
during coexistence with organic matter. To authentically
replicate subsurface rock surface characteristics, all tested
samples underwent no oil washing process, preserving the
oleophilic properties of modified quartz. (2) Organic matter is
the original substance from which oil is generated, containing
hydrocarbon substances not completely converted to oil and
high-viscosity wax. They are considered part of the oil and,
according to chemical compatibility principles, exhibit strong
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attraction to oil, significantly enhancing the rock’s oleophilic
properties. Relevant conclusions can be found in our previous
studies and related articles investigating the wetting character-
istics of samples before and after aging.**™**

To further demonstrate the impact of two different regions
on the overall sample adhesion work, we discuss the
relationship between W, and W, as detailed in the next
subsection.

4.3. Relationship between Adhesion Work of Contact
Angle (W,) and Adhesion Work of AFM (W,). In this
study, we established the correlation between roughness and
adhesion work based on the data from Tables 3 and 4.
Traditional contact angle results alone are insuflicient to
explain the influence of roughness on measurements, but
adhesion work can directly reflect the impact of the contact
area on the adhesion measurement process.

In this section, we discussed the influence of adhesion work
in various regions on the overall adhesion capability of the
samples and analyzed the modification process by organic
matter on the samples (in the concluding part of this section).
First, after quantitatively characterizing the oil/water adhesion
work within BA and DA, we explored their correlation with W_.
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The trends shown in Figure 8 reveal two contrasting
behaviors: the enhancement of water adhesion work (W)
promotes the development of overall hydrophilicity, while oil
adhesion work (W,,) exhibits the opposite trend. This
validates the argument in Section 4.2 that dominance in oil
wetness does not imply equal attraction capabilities of all
points on the sample surface to crude oil; rather, it indicates
that areas with strong oil wetness occupy more space. This
development of oil wetness inhibits the formation of water
wetness on rock surfaces, leading to a mixed wetting
condition.*® However, it is worth noting that there is an
outlier in Figure 8b, where the W, of JA-3 is lower than the
average level of the other samples, which is related to the
degree of modification experienced by the rock. The primary
space for crude oil in shale is in micropores.”” ™' To validate
this point, we used comprehensive methods such as low-
temperature nitrogen adsorption and high-pressure mercury
intrusion to evaluate the size and distribution of pores in the
shale, combined with scanning electron microscope images to
investigate the development of pore throats in the target area.
Micropores (<30 nm), small pores (30—200 nm), and
intermediate pores (200—1500 nm) are the main pore types
in Jimusaer shale, accounting for 53 and 7% of the total,
respectively, representing the primary space for storing crude
oil. The corresponding lithologies include: (1) small pores:
quartz, potassium feldspar, and clay minerals; (2) micropores:
quartz, potassium feldspar, clay minerals, and organic matter.
Therefore, we conducted a proportional analysis of these
minerals with specific results presented in Table 7:

Table 7. Proportion of Micropores, Small Pores, and
Intermediate Pores

sample JA3  JA4  JA6  JB3  JB-4  JB8

intermediate 389 36.3 35.6 419 69.4 68.6
pores

small pores 56.8 63.2 64.4 28.1 30.5 30.5

micropores 60.44 68.49 69.58 31.58 33.21 33.41

Microscopic pores and small pores in JA-3 have the lowest
proportions, indicating a lesser influence from organic matter.
Organic matter is considered to be a major contributor to oil
wetting behavior. As emphasized by Siddiqui et al,,”* organic
compounds adsorbed on hydrophilic rock surfaces can lead to
a transition from hydrophilic to oil-wet surfaces, ultimately
exhibiting oil wetting characteristics in the pore structure of the
rock. The presence of organic matter increases the complexity
of shale wettability because the wettability of organic-rich shale
is influenced by both mineral composition and organic matter.
Therefore, compared to JA-4 and JA-6 with higher degrees of
modification, JA-3 exhibits a relatively weaker oil wetting
behavior. This phenomenon also applies to DA and BA, as
shown in Figure 9.

Figure 9 depicts the trend of W, with W, in BA and DA,
which is consistent with Figure 8b,d, showing a negative
correlation. This indicates that the overall wettability is
constrained by local interactions between solid and liquid
phases, and thus, the final wettability of the samples is a
collection of numerous local oil-wet or water-wet sites.
Additionally, panels (a) and (b) reveal that JA-3 exhibits
lower oil wetting characteristics in both BA and DA,
corresponding to areas modified by organic matter: (1)
plagioclase, quartz (in the BA), and (2) organic matter, clay

minerals, and quartz (in the DA). Areas with longer exposure
to organic matter attachment are more likely to exhibit higher
oil wetting characteristics. This is also one of the reasons for
the differences observed in JA-3. As organic matter matures
during strata development, the internal carboxyl groups and
other oxygen-containing functional groups decrease, reducing
the strong attraction with water molecules and deteriorating
hydrophilicity, while aromatic rings and their aliphatic
hydrocarbon chains increase, enhancing attraction with oil
molecules and increasing oil wetting characteristics. As
mentioned in our previous studies, this degree of modification
is directly related to the content of organic matter. For more
details, refer to the section on the correlation analysis between
organic matter and minerals in Ref 46.*

Subsequently, we conducted an analysis of W, in different
regions, as shown below:

Figure 10 illustrates the impact of W, in different regions
on W.. Both JA and JB exhibit the same trend in the BA and
DA regions, indicating the contribution of local hydrophilicity
to the overall hydrophilic adhesion work. As local hydrophilic
adhesion work increases, the interactions between water and
solid on the sample surface intensify, resulting in more
hydrophilic sites on the sample surface and, thus, higher
hydrophilicity.

Therefore, characterizing the solid—liquid adhesion proper-
ties in local regions can effectively reflect the wettability of the
overall sample. However, a single measurement of water—
solid/oil—solid adhesion cannot accurately quantify and
compare the wettability differences between shale samples.
To address this, we established a normalized adhesion work
index to explore the influence of roughness on adhesion work
expression. Refer to the next section for details.

4.4. Quantitative Characterization of Local Wett-
ability and Overall Wettability. To quantitatively assess the
adsorption level of rocks to crude oil/water droplets, we
conducted a fitting analysis of the difference and sum of oil—
water adhesion work values and proposed an evaluation
method based on AFM. By coupling the adhesion work at the
oil—solid interface and the water—solid interface, we
established a dimensionless wettability index, denoted as I, to
differentiate the adhesion levels of different samples to water
droplets/crude oil. The specific formula is as follows:

I= VV:)s B st
Wos + Wis (5)

where W, represents the adhesion work between oil and solid
and W, represents the adhesion work between water and
solid. When 0 < I < 1, the sample is considered oil-wet,
whereas when —1 < I < 0, the sample is considered water-wet.
Since the wettability index is normalized, its maximum value is
1. This evaluation method also applies to water-wet cores with
a wettability index less than 0.

The adhesion capabilities of different samples to oil/water
were evaluated using the newly established AFM evaluation
method. The results are shown in Table 8, where significant
differences in adhesion behavior between hydrophobic and
hydrophilic surfaces are highlighted, emphasizing the compar-
ison of oil-rock/water-rock interactions, which form the basis
of nanomechanical wettability assessment. The results indicate
that the average indices of each core sample are all less than 1.
Additionally, to facilitate comparison with the results from the
contact angle method, the dimensionless contact angle results
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were normalized and denoted as C, converted into
dimensionless indices ranging from —1 to 1, When 0 < C <
1, the sample is considered to be oil-wet; when —1 < C < 0, it
is considered to be water-wet, as shown in Table 8.

6 — 90°
90°

¢ ©

The results indicate that the values of I are greater than
those of C, and there is a good correlation between I and C, as
well as between I and the contact angle (CA), as shown in
Figure 11. The correlation coefficients between I and CA for
the two wells are 0.99 and 0.86, respectively, while those
between I and C are also 0.99 and 0.86, respectively.
Considering the data from the two wells, the correlation
indices are 0.813 and 0.813, respectively. These two sets of
data can be discussed in two aspects: (1) In both wells, C and
CA exhibit the same correlation with I, with R? values of 0.99
and 0.86, respectively, indicating that the normalized index C
can be used for further analysis. (2) The positive correlation
trend in Figure 11 indicates the influence of heterogeneity on
contact angle measurements. After the influence of rock
heterogeneity is avoided (using AFM measurements), the
adhesion performance of the sample surface is expressed, and
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the shale samples from the target block exhibit strong oil
wettability, indicating the existence of uncontacted areas
between water droplets and rocks. This phenomenon
significantly affects the assessment of the adhesion properties.
Taking the target block in this study as an example, enhanced
rock heterogeneity weakens the expression of sample oil
wettability, exposing only partial areas of oil—solid adhesion
and failing to fully demonstrate the strong oil wettability of
DA, leading to measurement errors.

Regarding the phenomenon of JB having a lower correlation
coeflicient than JA, we conducted an analysis based on mineral
composition and pore development (large pores mainly exist in
the form of intergranular dissolution pores + residual
intergranular pores, with a low content and no clear
relationship with the roughness caused by minerals, which is
not discussed in this paper). The main pores developed in JB
are medium-sized pores, mainly developed in plagioclase and
calcite (with relatively flat surfaces). From the perspective of
mineral content (Table 1), these two minerals account for
41.9, 69.4, and 68.6% of pore development, respectively, which
are higher than the development of micropores in each sample
(31.58, 33.21, and 33.41%, respectively). This results in more
oil-wet spaces in BA and reduces DA, ie., reducing the
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Table 8. Results of I and C
sample JA-3 JA-4 JA-6 JB-3 JB-4 JB-8
I 0.874 0.713 0.649 0.547 0.390 0.790
C 0.431 0.381 0.366 0.332 0.284 0.350

influence of rougher areas on the contact angle method.
Therefore, the lower correlation coefficient is due to JB having
a higher proportion of medium-sized pores compared with JA,
which is dominated by micropore development.

Considering both JA (discussed at the end of Section 4.3)
and JB wells comprehensively, the increase in the proportion of
pore development in BA within JB indeed enhances the
expression of oil wetting. This is evident from the difference in
oil—solid adhesion work between BA and DA in JB compared
with JA, as shown in Table 9. The difference in oil—solid
adhesion work between BA and DA in JB is smaller than in JA,
indicating that with the development of medium-sized pores in
JB, the areas within the bright zones undergo stronger oil
modification, reducing the difference in oil—solid adhesion

work between the two regions.
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5. CONCLUSIONS

The paper discusses the causes of roughness in the Lucaogou
shale reservoir of the Jimsar Formation and solid—liquid
adhesion. Based on the contact angle method and AFM, the
paper explores the impact of rock heterogeneity on liquid
adhesion processes, clarifying the role of pore development in
surface modification and proposing an adhesion evaluation
index I that is not affected by roughness. The specific
conclusions are as follows:

(1) The correlation between water—solid contact area and
surface roughness is discussed. With the enhancement of
surface heterogeneity, more air enters the high and low
uneven grooves, hindering the contact between water
droplets and the wall surface, reducing the contact area
between water and solid, and making the oil/water

affinity unable to be fully expressed.
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Figure 11. Correlation between JA: (a) I and CA, and (b) I and C, and JB: (c) I and CA, and (d) I and C, and JA and JB: (e) I and CA, and (f) I

and C.

Table 9. Differences in Oil—Solid Adhesion Work between

sample

DA and BA for JA and JB

JA-3 JA-4 JA-6 JB-3 JB-4 JB-8

the difference in oil—solid adhesion work between BA and DA 38.0382 63.252 43.388 8.049 7.518 23.998

(2) Itis clarified that the roughness of the Jimsar samples is
mainly contributed by DA, which contains a large
amount of quartz, organic matter, and clay minerals. Due
to the presence of organic matter, this part exhibits
strong oil—solid adhesion compared to BA, making it
one of the main contributing areas to sample oil
wettability.

(3) Due to the fact that pores are the main reservoir spaces
for shale oil, their development characteristics directly
impact the distribution of surface oil wettability. As
discussed in Sections 4.3 and 4.4, when samples are
primarily developed with micropores, the oil wettability
of shale DA is stronger; when samples are primarily
developed with mesopores, BA’s oil wettability is
enhanced. This phenomenon also reduces the impact
of roughness on the expression of oil wettability in JB
wells.

(4) Based on AFM measurement results, an evaluation
parameter I was established to characterize solid—liquid
adhesion, minimizing the influence of roughness on
adhesion evaluation, and showing a good correlation
with C/CA. Therefore, evaluation index I can be used to
distinguish and analyze the differences in liquid—solid
adhesion between different samples.
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