
Citation: Bai, T.; Yang, F.; Wang, H.;

Zheng, H. Adhesion Forces of Shale

Oil Droplet on Mica Surface with

Different Roughness: An

Experimental Investigation Using

Atomic Force Microscopy. Energies

2022, 15, 6460. https://doi.org/

10.3390/en15176460

Academic Editors: Reza Rezaee and

Dameng Liu

Received: 28 July 2022

Accepted: 1 September 2022

Published: 4 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Adhesion Forces of Shale Oil Droplet on Mica Surface with
Different Roughness: An Experimental Investigation Using
Atomic Force Microscopy
Ting’an Bai 1, Feng Yang 1,2,* , Huan Wang 1 and He Zheng 1

1 Key Laboratory of Theory and Technology of Petroleum Exploration and Development in Hubei Province,
China University of Geosciences, Wuhan 430074, China

2 Key Laboratory of Petroleum Resources Research, Lanzhou 730000, Gansu Province, China
* Correspondence: fengyang@cug.edu.cn

Abstract: In order to investigate the effect of rock surface roughness on the occurrence state of
shale oil, muscovite mica was firstly characterized by performing atomic force microscopy (AFM).
Two-dimensional (2D) images and the three-dimensional (3D) structure of the mica surface were
obtained. Wettability of the micas was measured according to the sessile drop method using shale
oil, collected from a lacustrine shale oil well drilling through the Yanchang Formation, Ordos Basin.
Then, the adhesion forces between shale oil and mica surface with a different roughness were finely
measured using AFM mounted with the shale oil modified probe tips. The adhesion force curves at
the approaching and retract modes were obtained. The results show that the average roughness value
of the mica samples was about 1 nm, while the maximum height was up to 4 nm. The contact angle
between shale oil and mica ranged from 128.73◦ to 145.81◦, and increased with increasing surface
roughness, which can be described by the Wenzel model. The adhesion force between shale oil and
mica also increased with an increasing contact area. Shale oil can fill the deep valleys on the rough
surface of rocks and then form microscopic storage for oil droplets. The maximum adhesion force,
reached at a distance of about 5–10 nm between shale oil droplets and micas, was between 14 and
30 nN. The adhesion force disappeared when the distance was larger than 40 nm. These indicate that
shale oil in pores with a diameter of less than 10 nm was tightly adsorbed, and formed a layered
accumulation pattern. Additional energy is needed to decrease the disjoining pressure and then
separate shale oil from these tight pores. Shale oil is freely movable at pores with pore diameters of
larger than 40 nm. This work provides a new insight about the interaction between shale oil and rock,
and helps to understand the occurrence mechanism of shale oil.

Keywords: shale oil; adhesion force; contact angle; AFM; roughness; occurrence mechanism

1. Introduction

Oil–rock interaction plays an important role in petroleum science and engineering.
The adhesion force between oil and rocks controls the occurrence state and flow capacity
of oil in pore systems of underground reservoirs. In recent decades, the enhanced oil
recovery of tight reservoirs by the injection of carbon dioxide, light hydrocarbons, and
low salinity water has been widely used in laboratory and field operations [1,2]. Many of
these techniques aim to improve the flow capacity of crude oil by reducing its viscosity [2].
However, the flow capacity of crude oil through pores is not only affected by viscosity, but
also rock surface properties such as wettability, interfacial tension and adhesion force. It is
challenging to understand the interaction mechanism between crude oil and rocks because
of its complexity.

Wettability, a key parameter controlling the oil occurrence state and movability, is
related to interfacial energy. The contact angle is usually used to characterize the wettability
of rocks. When the gas–liquid–solid or liquid–liquid–solid is at an equilibrium state, the
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relationship between the contact angle and three-phase interfacial tension can be quanti-
tatively described according to Young’s equation [3]. However, fine-grained sedimentary
rocks, such as shales, appear to be complex in terms of wettability due to the varied mineral
compositions and additional hydrocarbon adsorption. Some scholars believed shales to
be water-wet, while others reported an oil-wet property, and even a mixed wettability of
shales [4,5]. As for shale oil movability, investigators used a pore network to simulate the
fluid flow in shale formations, and thought that different kinds of pores in shales affect the
oil flow capacity [6–9]. Despite the fact that this subject has been explored widely in recent
years, the internal reasons for these variations still remain unclear. In addition, the surface
roughness of rocks also affects the contact angle and wettability [6].

Adhesion force in the oil–rock interaction controls the surface behavior of rocks. The
adhesion force is a microscopic force, and can be measured using atomic force spectroscopy
(AFM), surface forces apparatus (SFA), or quartz crystal microbalance (QCM) [10–13].
Recently, Zhu et al. [14] investigated the wettability and adhesion of water on coals using
QCM during coal flotation, and found that the contact angle decreased with an increasing
roughness of coals. The adhesion force between water droplets and coal with a rough
surface is large, which is due to the increase in the contacted surface area and the appearance
of a ridge line of rough surface [14]. Some researchers used the QCM to investigate the
adsorption and desorption of crude oil on quartz surfaces at flowing conditions and
estimated the thickness of adsorbed oil [10]. SFA was applied to compare the interaction
behavior of diluted bitumen (DB) and conventional crude oil (CCO) with a smooth mica
surface in toluene solution [11]. It was observed that CCO exhibits an adsorption behavior
which is different from DB at the tested concentrations. This different adsorption behavior
is mainly caused by the high concentration of surfactants such as asphaltenes. Other
researchers also used SFA to study the adsorption of asphaltenes on mineral surfaces, and
found that asphaltenes from organic solvents adsorbs minerals and their interactions were
affected by mineral type, adsorption time and asphaltene concentration [15]. In recent years,
AFM was introduced to the petroleum industry and used in the characterization of surface
properties of minerals due to its high sensitivity and comprehensive functions [16–18].
The PeakForce-Quantitative Nanomechanical Mapping (PF-QNM) mode in atomic force
microscopy is used to quantitatively characterize the mechanical properties of various
mineral components in organic-rich shales, including Young’s modulus and Poisson’s
ratio [19]. The elastic modulus of organic matter in shale is significantly different from
inorganic minerals and is related to thermal maturity [19]. In addition, with the addition of
a modified probe, atomic force microscopy can be used to measure the interaction behavior
between liquid and solid. An oil coated probe after crude oil modification was developed to
directly measure the crude oil and mineral interactions at natural length scales in different
solution environments [20]. The results show that the repulsive force decreases with an
increase in the monovalent ion concentration, which is consistent with the Debye–Hückel
theory. Some researchers modified the probe by applying chemical bonding, a method
called chemical force microscopy (CFM) [21,22]. CFM is a newly used technique in the
assessments of wettability and oil–mineral adhesion forces by utilizing hydrophobic (CH3-
terminated) functionalized probes. However, this method used methyl groups to simulate
crude oil droplets, which is not completely consistent with the crude oil in reservoirs. In
addition, this method is difficult to perform [23–25].

In this work, the adhesion behaviors of shale oil on muscovite mica surfaces were
systematically studied by performing multiple techniques. The surface roughness of mica
was characterized using two-dimensional (2D) and three-dimensional (3D) images scanned
by AFM. The wettability of the micas was also measured following the sessile drop method.
Then, the adhesion forces between the shale oil and mica surface with a different roughness
were measured using the PF-QNM mode of AFM. The effect of roughness on the adhesion
force between the mineral surface and oil droplets was discussed. This microscopic analysis
of oil–rock interaction improves the understanding of hydrocarbon occurrence and flow in
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tight shales. As far as we know, this is the first time that the adhesion between shale oil
and rocks at a very fine level is reported.

2. Materials and Methods
2.1. Materials and Tips Functionalization
2.1.1. Crude Oil of Shales

Crude oil was collected from a shale oil well drilling through the Yanchang Formation
in the Ordos Basin, China. To avoid exposure to light and contamination, the crude oil
sample was collected and quickly sealed in brown reagent bottles. Then, the chemical
compositions of the crude oil were tested and presented in a mass fraction (Figure 1). C1–C5
hydrocarbons accounted for 1.16% of all hydrocarbons, C6–C14 hydrocarbons accounted for
23.32% of all hydrocarbons, and C15+ hydrocarbons were the largest component, accounting
for more than 75% of all hydrocarbons.
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Figure 1. The chemical composition of crude oil collected from a shale oil well drilling though the
Yanchang Formation, Ordos Basin.

2.1.2. Base Material

Natural mica has an obvious lamellar structure, high level of hardness, hard de-
formation and stable chemical properties. In atomic force microscopy (AFM) scanning
experiments, excessive fluctuations in rock surface easily damage the probe tip and cause
artifacts, which leads to the inaccurate representation of the true surface property of the
sample. High quality mica can achieve a moderate smooth surface, which is an ideal
base material for atomic force microscopy scanning and force curve measurements. The
muscovite mica in this study was purchased from S&J Trading Inc. (New York, NY, USA).
A layer of mica was carefully peeled off using a tape before the experiments.

2.1.3. Tips Functionalization

There are several kinds of probe tips that can be used for atomic force microscopy
scanning [26,27]. The spherical probe tips are not sensitive to changes in the surface
morphology and may cause artifacts during testing. Additionally, spherical probe tips
easily form liquid bridge behavior with the droplet surface, resulting in artificial errors in
force curve measurements. To avoid these defects, sprayed tips (SNL-10, Bruker) were used
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in this study. The probe tips were modified before experiments. Firstly, a drop of crude oil
was placed on the surface of the mica. Then, the cantilever beam of AFM was moved so
that it was above the oil droplet, and then the probe tip was slowly lowered to approach
the crude oil droplet. After the probe tip contacted the oil droplet for 2 s, the probe tip was
lifted up to a safe position. This process can be checked in the eyepiece of the atomic force
microscope. The mica surface changes slightly after modification, and then it is accepted
that the oil droplets are modified on the surface of the probe tip.

2.2. Roughness Measurements

Atomic force microscopy was used to scan the mica surfaces. Then, the NanoScope
analysis software was used for the AFM images to quantitatively characterize surface
roughness. The roughness can be expressed by two parameters, including the average
roughness (Ra) and the root mean square roughness (Rq). The average roughness Ra reflects
the average distance of the sample surface deviated from the datum plane, while the root
mean square roughness Rq reflects the root mean square distance of the sample surface
deviated from the datum plane. Their calculation formulas are expressed as follows:

Ra =
1

Nx Ny

Nx

∑
i=1

Ny

∑
j=1
|Z(i, j)− Zmean| (1)

Rq =

√√√√ 1
Nx Ny

Nx

∑
i=1

Ny

∑
j=1

(Z(i, j)− Zmean)
2 (2)

where Nx and Ny are the number of scanning points along the X-axis and Y-axis of the image,
respectively; Z(i, j) is the height value of the point where the coordinates (i, j) are located in
the image; and Zmean is the average height of all scanning points in the AFM image.

The AFM instrument used in this experiment is the Dimension Icon AFM manufac-
tured by the Bruker Company, Germany. The maximum scanning range was 90 µm ×
90 µm × 10 µm, and the resolution was 0.15 nm in the lateral direction and 0.04 nm in the
vertical direction.

2.3. Contact Angle Measurements

The contact angle was measured using JC2000DM (China) according to the sessile drop
method. During the experiments, a volume of about 8 µL of shale oil was dropped slowly
from the capillary port to the surface of the mica. A high-frequency camera was constantly
taking pictures of the crude oil drops until they were completely stable. After that, the
ImageJ2022 (NIH, USA) software was used to treat the photos to obtain the contact angles.

2.4. Adhesion Force Measurements

AFM was utilized to quantitatively characterize the adhesion force between shale oil
and rocks with different roughness. The probe tip of the AFM was placed close to the
sample surface and the deflection (D) of the cantilever beam was detected by the laser
beam. The measured deflection was taken into Hooke’s law (F = k × D) to calculate the
force (F). The actual spring constant of the cantilever beam was determined by the thermal
tuning method, proposed by Hutter and Bechhoefer [28]. The probe deflection sensitivity
was recalibrated before every experiment.

The interaction between the fluid in the probe tips and the solid surface can be
described by the classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory [27], which
mainly considers the van der Waals forces (Fvdw) and electrical double layer forces (Fedl).

Fedl = 4πε0εψ1ψ2

(
a0e−κD − a1e−κL1

)
− 2πε0ε

(
ψ2

1 + ψ2
2

)(
a2e−2κD − a3e−2κL1

)
+

4πε0εκ

tan α

[
b1ψ1ψ2e−κL1 + b1

ψ2
1 + ψ2

2
2

e−2κL1

]
(3)
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FvdW =
A123

6

[
R + D− 2L1

L2
1

− R− D
D2

]
− A

3 tan2 α

(
1
L1

+
R sin α tan α− D− R(1− cos α)

2L2
1

)
(4)

where ψ is the surface potential; ε the relative permittivity of medium; ε0 the permittivity
of vacuum; κ−1 is the Debye length; R is the tip radius; α is the geometric angle for the
spherical cap at the tip end; D is the separation distance between the tip and the sample
surface; A132 is the Hamaker constant for the tip and the sample surface interacting across
water; and Subscripts 1 and 2 refer to the tip and the sample surface, respectively. Other
parameters are given by:

L1 = D + R(1− cos α) (5)

a0 = κR− 1 (6)

a2 = a0 + 0.5 (7)

a3 = a1 + 0.5 (8)

b1 =

[
R sin α− D + R(1− cos α)

tan α

]
+

1
tan α

(
L1 +

1
κ

)
(9)

b2 =

[
R sin α− D + R(1− cos α)

tan α

]
+

1
tan α

(
L1 +

1
2κ

)
(10)

3. Results
3.1. Surface Roughness

The surface of micas was scanned using an atomic force microscope and then the
digital images were treated using NanoScope Analysis software. Figure 2 shows the surface
morphology of three mica samples in three dimensions. There are many valleys and peaks
in the sample surface in the 3D surface structure. Compared to the datum plane, the
maximum and minimum height values of the sample surfaces were −2.4–2.2 nm. That
means that the drop height of the sample surfaces was up to 4.6 nm. In order to clearly show
the surface fluctuation of the mica samples, the 2D plan sections of the mica samples are
shown in Figure 3a, and the surface height of the section, both parallel and perpendicular
to texture, are shown in Figure 3b. The height difference parallel to the texture direction
(red line) is about 1 nm, while the height difference perpendicular to texture direction (blue
line) is about 3 nm. This means that the mica surface is not absolutely smooth.

According to the height values, the roughness values of samples (average roughness
Ra and root mean square roughness Rq) were calculated and summarized in Table 1. The Ra
and Rq values of Sample A are 0.51 nm and 0.648 nm, respectively. The Ra and Rq of Sample
B are 0.402 nm and 0.505 nm, respectively. The Ra value of the Sample C is 0.363 nm and
the Rq value is 0.463 nm. Among these three mica samples, the surface of sample C was
the smoothest. For a given sample, the Ra value is less than the Rq value. The Rq values
are much more sensitive to the morphology variation of the surface. Small fluctuations in
surface height lead to great variations in the root mean square roughness.

Table 1. Sample average roughness, root mean square roughness and contact angle of mica samples.

Mica Sample Average Roughness
(Ra, nm)

Root Mean Square Roughness
(Rq, nm)

Contact Angle
(◦)

A 0.510 0.648 145.81 ± 3.0

B 0.402 0.505 135.52 ± 4.5

C 0.363 0.463 128.73 ± 2.0
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Figure 3. (a) 2D plan sections of the mica samples; (b) the surface height of the section parallel and
perpendicular to texture.

3.2. Wettability

The contact angle of shale oil on mica surfaces ranged from 128.73◦ (±2.0◦) to 145.81◦

(±3.0◦), which was measured using the sessile drop method. Surface roughness and
morphology fluctuation affect the wettability of rock. Figure 4 shows the relationship
between the roughness of the mica samples and measured contact angle. Mica sample
A has a contact angle of 145.81◦ (±3.0◦) for shale oil while its average surface roughness
is 0.51 nm. Mica sample B has a contact angle of 135.52◦ (±4.5◦) and average surface
roughness of 0.402 nm. The smoothest mica sample C has the smallest contact angle of
128.73◦ (±2.0◦), and the lowest average roughness of 0.363 nm. These results indicate that
the contact angle increases with increasing surface roughness.
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3.3. Adhesion Force between Crude Oil and Mica

In order to study the interaction between the oil and mica surface, the adhesion force
was measured using AFM, and the effect of roughness on the occurrence of oil was further
analyzed. Using the oil-coated probes, force spectroscopy measurements were carried out
on mica substrates. Figure 5 shows the adhesion force curves of the oil-coated probe on
mica samples. The black curve is the force curve when the probe tip approaches the sample,
while the red curve is the force curve when the probe tip is retracted. It can be observed that
the repulsive force gradually increases when the probe tips approach the sample surface,
which indicates the existence of repulsion between shale oil droplets and the mica surface.
The repulsion generally occurs at a distance of about 5 nm. When the probe tip begins to
move away from the surface of the mica, the repulsive force gradually decreases while the
attraction force begins to increase. The maximum attraction force is reached at a distance
of about 5–10 nm. Then, the attraction force decreases very quickly when the distance
increases to 15 nm, and gradually vanishes after the distance being greater than 40 nm.
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Figure 5. The adhesion force curves of shale oil on mica surface detect by AFM: (a) Sample A;
(b) Sample B; (c) Sample C.

There are “jump-in” and “jump-out” phenomena in the force curves of the mica
samples (Figure 5). Mica Sample A with the largest roughest is the first sample to show
the “jump-in” phenomenon during the approach, and also the first to show the “jump-out”
phenomenon. As the roughness decreases, the distance between the probe tip and mica
surface gradually decreases when the “jump-in” phenomenon occurs. On the contrary, the
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distance between the probe tip and sample surface increases with the increasing surface
roughness when the “jump-out” phenomenon occurs. The position where the “jump out”
behavior begins to occur can be approximately considered as the point with the maximum
adhesion force. The maximum adhesion force of samples A, B and C are 30 nN, 17 nN, and
14 nN, respectively. Thus, the adhesion forces between shale oil and mica increase with the
increase in the surface roughness.

4. Discussion
4.1. Relationship between Surface Roughness and Wettability

The wettability of sedimentary rocks is one of the hotspots during oil recovery. Many
investigators measured the contact angle of tight sandstones, clay minerals, and shales,
and found that mineral compositions affect the wettability of rocks [29,30]. In addition
to minerals, the surface roughness and undulating morphology also bring uncertainty to
the wettability. Our results show that the contact angle increases with the increase in the
surface roughness (Figure 4).

One of the premises in Young’s equation is that the solid surface is smooth and
the surface energy is homogeneous. However, the surface roughness will result in an
unstable state of the droplet on a solid surface. This is mainly caused by the uncertainty of
whether the fluid fully enters into the space between the rising and falling peaks or not.
Consequently, there may be residual gas molecules between the rising and falling peaks,
resulting in a solid–liquid-gas three-phase state. Based on this conjecture, Wenzel [31]
assumed that when liquid droplets are located on a rough solid substrate, they can enter
into and fill grooves in the rough structure, resulting in “wet contact” (Figure 6). In
equilibrium state, the relation between the actual contact angle θw of a rough surface and
the intrinsic contact angle θ in Young’s equation can be expressed as [31]:

cos θw =
r
(
γsg − γsl

)
γgl

= r cos θ (11)

where r is surface roughness factor, and numerically equal to the ratio of the actual contact
area of rough surface (Ar) to the geometrically contact area (A) between the droplet and
smooth surface. It is difficult to obtain the actual contact area (Ar). Here, we proposed a
method to calculate the Ar, which can be expressed as:

cos θw1

cos θw2

=
r1

r2

cos θ1

cos θ2
≈ r1

r2
(12)

where subscripts 1 and 2 refer to Sample 1 and Sample 2, respectively. Sample 1 and Sample
2 are the same kinds of material, and only differ in surface roughness. In Equation (12),
cosθ represents the contact angle in the ideal state. Therefore, under ideal conditions, oil
droplets have the same contact angles as the absolutely smooth surfaces of Sample 1 and
Sample 2. Based on this judgment, cosθ1 and cosθ2 should be equal. Bittoun and Marmur
conducted a wettability analysis for the cylindrical single convex structure model [28]. In
this cylindrical model (Figure 7a), the base material is a square with lengths of the unit
length (always set as 1). The surface roughness factor r1 that consists of cylindrical pillars
is the area of the cylinder that is exposed to the liquid (upper and lateral surface areas πR2

+ 2πRh1, and the rest of the unit cell that is not covered by the cylinder 1-πR2), divided by
the projected area, which is the area of the unit cell. The surface roughness factor r1 is then
given by:

r1 = 1 + 2πRh1 (13)

According to the definition of average roughness (Equation (1)), the average roughness
for the cylindrical model in Figure 7a is h1 (Ra1 = h1). When the height of the cylindrical
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model changes, other parameters change as well (Figure 7b). The surface roughness factor
r2 is then given by:

r2 = 1 + 2πRh2 (14)

Under the ideal condition, the average roughness is the height of the cylindrical pillars
according to the definition of average roughness (Ra = h). If the h1 and h2 are much higher
than the unit length, we can obtain:

r1

r2
=

1 + 2πRh1

1 + 2πRh2
≈ h1

h2
=

Ra1

Ra2
(15)

From Equation (15), we can see that the ratio of r1 to r2 is approximately numerically
equal to the average roughness Ra1 to Ra2. Following this, we substitute the contact angle
and average roughness measured in this experiment into Equation (15) for testing. The
results show that the error of the ratio of the sample A to sample B is 10.4%, the error of
the ratio of the sample A to sample C is 6.1% and the error of the ratio of the sample B to
sample C is 3.5%. This fits well with the Wenzel model. In this way, we transformed the
surface roughness factor r which is difficult to measure into the average roughness (Ra)
which is easier to obtain.

Energies 2022, 15, x FOR PEER REVIEW 10 of 16 
 

 

where r is surface roughness factor, and numerically equal to the ratio of the actual contact 
area of rough surface (Ar) to the geometrically contact area (A) between the droplet and 
smooth surface. It is difficult to obtain the actual contact area (Ar). Here, we proposed a 
method to calculate the Ar, which can be expressed as: cos 𝜃cos 𝜃 = 𝑟𝑟 cos 𝜃cos 𝜃 ≈ 𝑟𝑟  (12) 

where subscripts 1 and 2 refer to Sample 1 and Sample 2, respectively. Sample 1 and Sam-
ple 2 are the same kinds of material, and only differ in surface roughness. In Equation (12), 
cosθ represents the contact angle in the ideal state. Therefore, under ideal conditions, oil 
droplets have the same contact angles as the absolutely smooth surfaces of Sample 1 and 
Sample 2. Based on this judgment, cosθ1 and cosθ2 should be equal. Bittoun and Marmur 
conducted a wettability analysis for the cylindrical single convex structure model [28]. In 
this cylindrical model (Figure 7a), the base material is a square with lengths of the unit 
length (always set as 1). The surface roughness factor r1 that consists of cylindrical pillars 
is the area of the cylinder that is exposed to the liquid (upper and lateral surface areas πR2 

+ 2πRh1, and the rest of the unit cell that is not covered by the cylinder 1-πR2), divided by 
the projected area, which is the area of the unit cell. The surface roughness factor r1 is then 
given by: 𝑟 = 1 + 2𝜋𝑅ℎ  (13) 

 
Figure 6. The wettability model describing the liquid droplets filling the grooves of the rough solid 
substrate. Figure 6. The wettability model describing the liquid droplets filling the grooves of the rough solid

substrate.

Energies 2022, 15, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 7. Unit cells of different height cylinder solid surface topographies: (a) Height of h1; (b) 
Height of h2. 

According to the definition of average roughness (Equation (1)), the average rough-
ness for the cylindrical model in Figure 7a is h1 (Ra1 = h1). When the height of the cylindrical 
model changes, other parameters change as well (Figure 7b). The surface roughness factor 
r2 is then given by: 𝑟 = 1 + 2𝜋𝑅ℎ  (14) 

Under the ideal condition, the average roughness is the height of the cylindrical pil-
lars according to the definition of average roughness (Ra = h). If the h1 and h2 are much 
higher than the unit length, we can obtain: 𝑟𝑟 = 1 + 2𝜋𝑅ℎ1 + 2𝜋𝑅ℎ ≈ ℎℎ = RR  (15) 

From Equation (15), we can see that the ratio of r1 to r2 is approximately numerically 
equal to the average roughness Ra1 to Ra2. Following this, we substitute the contact angle 
and average roughness measured in this experiment into Equation (15) for testing. The 
results show that the error of the ratio of the sample A to sample B is 10.4%, the error of 
the ratio of the sample A to sample C is 6.1% and the error of the ratio of the sample B to 
sample C is 3.5%. This fits well with the Wenzel model. In this way, we transformed the 
surface roughness factor r which is difficult to measure into the average roughness (Ra) 
which is easier to obtain. 

4.2. Effect of Surface Roughness on Adhesion Force 
From the force curves of the micas samples (Figure 5), it can be seen that roughness 

affects the adhesion force between shale oil and micas. As the mineral surface roughness 
increases, the adhesion between minerals and shale oil droplets increases (Figure 5). The 
increase in roughness leads to an enlarged contacted area between the oil droplets and the 
mineral surface. If the adhesion force is mainly associated with the van der Waals force, 
the increase in the contacted area will increase the number of contacted molecules be-
tween the oil droplets and the mica surface, which leads to a higher adhesion force. 

Since the fluid–rock interaction varies with the surface roughness, geological factors 
may change the roughness of rocks and thus the adhesion of oil in the reservoirs. For 

Figure 7. Unit cells of different height cylinder solid surface topographies: (a) Height of h1; (b) Height
of h2.



Energies 2022, 15, 6460 11 of 15

4.2. Effect of Surface Roughness on Adhesion Force

From the force curves of the micas samples (Figure 5), it can be seen that roughness
affects the adhesion force between shale oil and micas. As the mineral surface roughness
increases, the adhesion between minerals and shale oil droplets increases (Figure 5). The
increase in roughness leads to an enlarged contacted area between the oil droplets and the
mineral surface. If the adhesion force is mainly associated with the van der Waals force, the
increase in the contacted area will increase the number of contacted molecules between the
oil droplets and the mica surface, which leads to a higher adhesion force.

Since the fluid–rock interaction varies with the surface roughness, geological factors
may change the roughness of rocks and thus the adhesion of oil in the reservoirs. For
example, if rock matrixes are dissolved by the generated acid during the thermal maturity
of organic matter in shales, the rock surfaces become unsmooth [32,33], and oil droplets
will stick more tightly to the rock surface. Of course, this kind of adhesion intensity of
crude oil in the pores is related to the action time. Recently, some researchers used the
SFA to investigate the effect of the adsorption time of crude oil on the mica surface during
the stripping behavior, and found that the longer the crude oil is adsorbed on the mineral
surface, the stronger the adhesion [34]. It should be noted that in addition to adhesions,
there are shear stresses when oil flows in porous media. Some researchers used rheology to
study the effect of different levels of roughness on oil flow in porous media. It was found
that the rough surface penetrated the slip layer and created a nonslip region, whereas the
smooth plate showed a significantly higher slip at higher concentrations of particles [34,35].
In the future, we will conduct these investigations to verify the AFM detected results.

4.3. Jump-In and Jump-Out Behaviors

“Jump-in” and “jump-out” behaviors are commonly observed in the surfaces of both
hard and soft materials during force measurements using AFM. Many researchers proposed
different views on these particular behaviors [35,36]. It can be seen from the force curves
that the “jump-in” behavior occurs at a very close distance between the oil-coated tip
and the substrate sample (Figure 5). At this distance, the oil-coated probe tip does not
yet contact the substrate surface, thus the “jump-in” behavior is probably caused by the
hydrophilic interaction between the oxygen-containing functional group of crude oil and
mica [36]. The “jump-in” behavior is followed by a slight increase in the repulsive force.
After that, a large transformation occurs in the mica surface when the oil-coated probe
tip contacts the mica surface and is further pressed (Figure 5). The “jump-out” behaviour
is similar to “jump-in”, and occurs when the probe tip is moving away from the sample
surface. Some studies also found that, considering the mechanical characteristics, both of
these two deformations occur at positions where the force gradient is equal to or slightly
higher than the stiffness of micro-cantilever beam of AFM [36].

4.4. Implications to the Shale Oil Occurrence

Shale oil mainly occurs as a free state and adsorption state in the pore systems of
reservoirs [37,38]. Free shale oil is movable and mainly stored in large pores and fractures,
including lamina, interbedded fractures, and dissolution-related pores [39,40]. Adsorbed shale
oil is stored in organic matter-hosted pores and intercrystalline pores of clay minerals [39].
Taking micas as a representative clay mineral, we measured the adhesion between crude
oil and mica. The strong adhesion is related to the asphaltenes and non-hydrocarbon
components in crude oil, which are easily adsorbed on mineral surfaces in the form of ionic
or hydrogen bonds [39]. The “wet contact” model proposed in the Wenzel model describes
the filling behavior of hydrocarbons in the deep valleys of the rough surface, and forms
microscopic spaces to store oil droplets [31]. The crude oil on the mica surface has a layered
structure, where the polar groups such as hydroxyl (-OH) is toward mica and non-polar
groups such as methyl (-CH3) is toward the outside [40]. Crude oil molecules are adsorbed
layer by layer on the surface of mica. Among them, the crude oil molecules in the first layer
cannot move freely like the molecules in the outer layers. The thickness of the adsorbed
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layer may be up to several nanometers according to the molecular simulation [41,42]. In
addition, when crude oil molecules are adsorbed in the pores of organic matter, they show
much stronger adhesion and thicker adsorption layers than in inorganic minerals, resulting
in a more difficult movement of hydrocarbons in the organic matter-hosted pores. The high
adhesion force between the crude oil and rock surface indicates that a considerable amount
of energy is needed to separate hydrocarbon molecules from the pore space of shales.

The microscopic study about the wettability and adhesion of minerals provides new
insights to shale oil recovery. Chemical additives with small molecules can be added
and penetrate into crude oil and rough rock surfaces. Some studies have shown that the
wettability of rocks can be reversed by adding nanomaterials [43]. As shown in Figure 8,
nanoparticles in the three-phase contact region exert structural disjoining pressure, which
drives the spreading of nanofluids by forming a continuous wedge film between the crude
oil and solid surface [44,45]. The wetting and spreading of nanoparticles on solid substrates
can be divided into two stages. In the first stage, nanoparticles rapidly spread on a solid
surface by gravity and capillary forces. In the second stage, a wedge-film appears at the
front of the solid–liquid interface. The nanoparticles are arranged in an orderly manner in
the wedge-film, which leads to additional structural disjoining pressure. This structural
disjoining pressure includes van der Waals forces, double electric repulsion, hydrogen
bonding, etc. Among these forces, the double electric layer force is worth noting as the
mica’s surface is charged when it contacts the aqueous solution or other polar solutions.
There are polar components in the crude oil and even a certain amount of water in the
produced fluid from the reservoir, which causes the surface of the oil and mica to be
charged, and creates double electric layer force. Compared with the van der Waals force,
the double electric layer force is a distant force, which shows greater repulsion between
two surfaces. According to this characteristic, the double electric layer force may be the
key for the crude oil droplets to detach from the rock surface. This provides the theoretical
basis for the water injection with variable salinity in many oilfields [46]. In the future, we
will focus on quantitatively characterizing the adsorption layer of shale oil on different
minerals, and analyze the occurrence and movability of shale oil.
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5. Conclusions

This study investigated the adhesion of crude oil on mica using atomic force mi-
croscopy. Both 2D and 3D morphologies of micas were described and the average rough-
ness of the mica surface was calculated. Taking the crude oil produced from a shale oil well
drilling through the Yanchang Formation of the Ordos Basin as the experimental fluid, the
contact angles of crude oil on micas were measured. The adhesion force curves between
crude oil and mica were finely measured using crude oil-coated probe tips. The following
main conclusions were drawn:
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(1) The surface of mica is not absolutely smooth. The maximum height drop of the mica
surface is up to 4 nm, and the average roughness of micas is below 1 nm.

(2) The contact angle between crude oil droplets and mica ranges from 128.7◦ to 145.8◦,
and increases with increasing surface roughness. The crude oil droplets fill the
grooves in the rough surface of the mica, and thus form ‘wet contact’. The ‘wet
contact’ provides microscopic storage spaces for crude oil droplets on rocks.

(3) According to adhesion force measurements between oil droplets and mica surfaces, it
was found that the adhesion force increases with increasing roughness. The maximum
adhesion force between shale oil droplets and micas is between 14 and 30 nN. The
maximum attraction force is reached at a distance of about 5–10 nm. The attraction
force vanishes when the distance is greater than 40 nm.

(4) The “jump-in” and “jump-out” behaviors during the force measurements are probably
caused by the hydrophilic interaction between the oxygen-containing functional group
of crude oil and mica. The hydrophilic interaction affects the layered accumulation
of crude oil on the mica surface. The recovery of crude oil requires a decrease in the
adhesion force to separate hydrocarbon molecules from the pore space of shales.
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Nomenclature
A123 Hamaker constant for the tip and the sample surface (J)
D separation distance between the tip and the sample surface (m)
Fedl electrical double layer forces force (N)
FvdW van der Waals forces (N)
k Boltzmann’s constant (1.381× 10−23 J/K)
R tip radius (m)
Ra average roughness (nm)
Rq root mean square roughness (nm)
T temperature (K)
Nx the number of scanning points along the X-axis of the image, respectively
Ny the number of scanning points along the Y-axis of the image, respectively
Zmean the average height of all scanning points in the AFM image (nm)
α geometric angle for the spherical cap at the tip end
ε relative permittivity of medium
ε0 permittivity of vacuum (8.854 × 10−12 F/m)
κ−1 Debye length
ψ surface potential (V)
θ numerical value contact angle
θw actual contact angle
h height of cylinder solid surface topographies
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