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a b s t r a c t

Shale oil formations contain both inorganic and organic media. The organic matter holds both free oil in
the pores and dissolved oil within the kerogen molecules. The free oil flow in organic pores and the
dissolved oil diffusion in kerogen molecules are coupled together. The molecular flow of free n-alkanes is
an important process of shale oil accumulation and production. To study the dynamics of imbibition
process of n-alkane molecules into kerogen slits, molecular dynamics (MD) simulations are conducted.
Effects of slit width, temperature, and n-alkane types on the penetration speed, dynamic contact angle,
and molecular conformations were analyzed. Results showed that molecular transportation of n-alkanes
is dominated by molecular structure and molecular motion at this scale. The space-confinement
conformational changes of molecules slow down the filling speeds in the narrow slits. The n-alkane
molecules with long carbon chains require more time to undergo conformational changes. The high
content of short-chain alkanes and high temperature facilitate the flow of alkane mixtures in kerogen
slits. Results obtained from this study are useful for understanding the underlying nanoscale flow
mechanism in shale formations.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With growing attention to unconventional energy sources,
especially shale gas and shale oil reservoirs, transport phenomena
in shale oil and gas reservoirs have become the hot fields of oil and
gas flow research in porous media. The understanding of flow and
production mechanisms in shale oil reservoirs is still at its pre-
liminary stage due to the lack of the storage features and methods
to determine them for shale rock samples. This is because that shale
oil formations contain both inorganic and organic media (Hunt and
Jamieson, 1956). The organic matter has much smaller pores in it
than in inorganic material and holds both free oil in the pores and
dissolved oil within the kerogen molecules (Sang et al., 2018).

To determine the storage capacity of shale oil rocks, researchers
entional Oil & Gas Develop-
inistry of Education, Qingdao,

y Elsevier B.V. on behalf of KeAi Co
commonly break the rock samples into blocks (1e2 cm in diameter)
and extract them by using mixtures of dichloromethane and
ethanol for several days. After the above extraction procedure, the
samples are dried at about 100 �C for several days to remove the
solvents remained in the samples. The dried samples then are ready
for tests to determine the storage capacity and flow properties. It
has been found that the oil volume which can be imbibed into the
organic matter is larger than the organic pore volume determined
by using the helium porosity method (Sang et al., 2018). Therefore,
in the procedure of restoring the organic oil saturations in the
organic matter by vacuum imbibition method, the oil flow in the
organic pores and diffusion into the surrounding organic walls are
always coupled together. The same coupling transport process also
applies to the production process inwhich oil flows out through the
organic pores coupled with the diffusion of the dissolved oil from
the surrounding organic walls.

The dynamic imbibition process and the results provide useful
data for determining the organic porosity and permeability of shale
oil formations. Due to the flow in pores and diffusion in kerogen are
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Molecular models of: (a) kerogen monomers; (b) kerogen slit; (c) n-C12; (d) n-
C20; (e) n-C30.
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coupled together, Li et al. (2019a) proposed a numerical method
considering both flow and diffusion to match the measured oil and
water imbibition curves. Their numerical analysis showed that the
organic permeability is two to three orders smaller than the inor-
ganic permeability and the average pore size in the organic matter
is in the order of nanometers. Since it is not possible to separate the
diffusion from the flow, there exists uncertainties in assuming the
parameters for flow in pores and diffusion in kerogen. Therefore, it
is very important to further study the flow of hydrocarbons in the
organic pores under imbibition conditions. To do this in nano-scale,
molecular dynamic simulation is a powerful and suitable method.

Numerous studies have been conducted to report novel phe-
nomena in nanopores, including the adsorption behavior (Yang
et al., 2020), the critical point shift (Luo et al., 2016), the interfa-
cial physical property oscillating (Kou et al., 2014), and the
boundary slip (Whitby et al., 2008; Firouzi and Wilcox, 2013;
Obliger et al., 2016). The pressure-driven molecular flow in nano-
pipes or nanochannels has been extensively studied by and MD
simulations (Thomas et al., 2010; Sam et al., 2018; Li et al., 2019c). In
previous studies, carbon nanotubes (CNTs) and graphene were
commonly used as the nanochannels to analyze molecular trans-
portation (Wang et al., 2016a; Li et al., 2019b). Depending on the
difference in geographic origin, sedimentary history, and maturity,
kerogen exhibits a series of chemical compositions, densities, po-
rosities, and so on (Okiongbo et al., 2005; Bousige et al., 2016).
Therefore, the extremely smooth walls and pure carbon atoms of
CNTs and graphene slits of such models can overestimate the
adsorbing capacity and slippage of hydrocarbons. Previous studies
have been undertaken to characterize and reconstruct the molec-
ular models for kerogen by nuclear magnetic resonance (NMR)
(Lille et al., 2003), X-ray photoelectron spectroscopy (Kelemen
et al., 2007), and molecular dynamics-hybrid reverse Monte Carlo
(MD-HRMC) reconstruction method (Ungerer et al., 2015; Bousige
et al., 2016). Adsorption of shale oil in kerogen slits (Yang et al.,
2020) and pressure-driven alkane transport in kerogen-like nano-
porous material (Falk et al., 2015) have been studied using MD
simulations. Because of the difference in the molecular weight and
its affinity with the kerogen wall, the light and heavy components
of shale oil are heterogeneously distributed in the kerogen slits,
which leads to the variation in the production of light oil and heavy
oil (Yang et al., 2020). The pressure-driven transport simulation
results show that the flow velocity of n-alkanes in the kerogen-like
nanoporousmaterial depends linearly on the pressure gradient, but
the permeability is dependent on both the fluid type and the
amount of adsorption (Falk et al., 2015). The velocity of fluid mol-
ecules in nanopores exceeds the predicted value of no-slip Pois-
euille flow by several orders of magnitude (Majumder et al., 2005;
Holt et al., 2006). Slip boundary conditions are widely adopted to
explain the abnormal transportation of fluids in nanochannels
(Joseph and Aluru, 2008; Thomas and McGaughey, 2008; Thomas
et al., 2010; Wang et al., 2016b). The possible reason for this
result is that in these MD simulations, the driving force imposed on
molecules to sustain a flow was about 10�12 N, corresponding to a
pressure gradient of about 107 GPa/m (Falk et al., 2015), which is far
greater than that in a reservoir during oil production. Therefore, it is
also important to perform MD studies for imbibition flow under
reasonable pressure gradient to seewhat flow rules apply to flow in
nano-pores in actual reservoir conditions. The driving force for
imbibition into organic pores is the pressure drop across the
wetting/non-wetting fluid interface. According to previous imbi-
bition studies in other materials (Lucas, 1918; Washburn, 1921;
Martic et al., 2002, 2004, 2005; Supple and Quirke, 2003, 2004,
2005; Hou et al., 2020), the wettability of kerogen and the inter-
action between kerogen and n-alkane molecules, which are
important to the accumulation and production of shale oil, can also
1237
be revealed.
In this paper, we consider the imbibition processes related to the

penetration of n-alkane in nanoscale slits in a shale formation. We
constructed a slit between two kerogen matrices and studied the
distribution and molecular transport behavior of n-alkane mole-
cules in the kerogen slit. We examined the effects of n-alkane
length, n-alkane ratio, slit width, and temperature on the pene-
tration distance and density distribution of n-alkanes in the
kerogen slit. The dynamic contact angle and the molecular con-
formations changes with n-alkane length, slit width, and temper-
ature were analyzed to reveal the underlying mechanisms and
factors of imbibition flow.

2. Simulation method

MD simulations were performed using the Material Studio 7.0
package from Accelrys Inc. The kerogen and n-alkane models were
constructed by the Visualizer Tools module, and the initial models
of the kerogen slit/n-alkane system were built by the Amorphous
Cell. The Forcite module was used to perform MD simulations.
COMPASS II force field (Sun et al., 2016) was used in the simula-
tions, which is applied to most organic and inorganic molecules
(Sun et al., 1998; Sang et al., 2021).

2.1. Molecular models

Kerogen can be characterized as three distinct types (designated
Type I, Type II, and Type III) (Tissot et al., 1974). The Type I kerogen
monomer proposed by Ru et al. (2012) was used to construct the
kerogen slit. The chemical formula of the kerogen monomer is
C243H432O25N3S2 (Fig. 1(a)). Each kerogen matrix was constructed
with six kerogen monomers. The three kerogen monomers were
loaded in a periodic box, and were optimized using Geometry
Optimization task to minimize the system energy. Then, an NVT
ensemble simulation was performed for 1 ns to get a relaxed
structure. After that, an NPT ensemble simulation with 40 MPa and
393.15 K was performed for 1 ns to get the equilibrium structure of
the kerogen slit. The values of pressure and temperature are in the
range of those in a real shale oil formation. The kerogen slit models
were constructed with two kerogen matrixes as shown in Fig. 1(b).
The pore size distributionwithin the kerogenmatrix was calculated
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by the method presented in previous research (Bhattacharya and
Gubbins, 2006). As shown in Fig. 2, the pore size distribution
within the kerogenmatrix is mainly less than 3 Å. The hydrocarbon
composition of shale oil includes C1 to C30þ (Sun et al., 2000; Ru et al.,
2012). Thus, n-dodecane (Fig. 1(c), n-C12), eicosane (Fig. 1(d), n-C20),
triacontane (Fig. 1(e), n-C30), and alkane mixtures were selected as
a fluid to obtain the molecular penetration driven by the capillary
force.
Fig. 3. Snapshots of initial structures of kerogen slit with n-C12. The red balls represent
n-C12 molecules. The gray sticks represent kerogen slit.
2.2. Simulation details

A periodic unit cell was constructed as shown in Fig. 3. The di-
mensions of the simulation box are 14.9�8.5�2.5 nm3. Each
component in the systems is depicted by different colors: gray e

kerogen slit, red e n-C12. The kerogen matrices were first packed in
both sides of the box with periodic boundary along the y direction,
and the apertures of slit were controlled at 1, 3, and 6 nm. The n-C12
molecules (Fig. 1(e)) were placed into another periodic box, and are
optimized using Geometry Optimization task to minimize the
system energy. The NVT ensemble was taken for 1 ns with a time
step of 1 fs to get the relaxed structure of n-C12 system. Then, the
NPT ensemble with 0.1 MPa and 393.15 K was performed for 1 ns
with a time step of 1 fs to obtain the equilibrium structure of n-C12.
Then, the box of n-C12 and the box of kerogen slit were combined
together. The structure of kerogen slit/n-C12 was shown in Fig. 3.

In all MD simulations, a Nose-Hoover-Langevin thermostat and
a Berendsen barostat were applied to control the temperature and
pressure of all systems, respectively. The van derWaals interactions
were calculated by the atomic-based summation with a cutoff
distance of 15.5 Å. The electrostatic interactions were calculated by
the Ewald summation method. In the simulation of the vacuum-
imbibition process, a 1000 ps NVT simulation with a time step of
1 fs at a specific temperature was performed. Based on this pro-
cedure, the kerogen slit/n-C20, kerogen/n-C30, and kerogen/alkane
mixture systems were built to compare the mobility of alkane with
different chain lengths. A series of temperatures were selected to
compare the mobility of alkane with different temperatures. The
numbers and densities of molecules in each system are shown in
Table 1.
Fig. 2. Pore size distribution of kerogen matrix.
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3. Results and discussion

In this section we present results for the imbibition dynamics of
kerogen slits. The wetting is characterized by monitoring the
location of the alkane-vacuum interface, which was then used in
the analysis of dynamic contact angle, density distribution, and
structures of alkane in the slits. We ran the simulations five times
for each case independently to improve the accuracy and to make
general predictions.
3.1. Penetration of n-alkane (n-C12) in kerogen slit with different
widths

Fig. 4 shows the progressive imbibition for the n-C12 molecules
into the kerogen slits during 1 ns. The simulations show that for the
6 nm and 3 nm slits, filling occurs first in the layer closest to the
inner surface of the slit, and then in the inner region. But no obvious
regional filling occurs in the 1 nm slit. In particular, the advancing
meniscus of the n-C12 in the 6 nm and 3 nm slits is clearly
observable, but there is no obvious advancing meniscus in the 1 nm
slit. In order to obtain an accurate measure of penetration distance,
a relative density profile (along the x axis) was calculated as
follows:

rrelative¼
rðx; tÞ
rave

(1)

where r(x, t) is the local number density of alkane molecules at
distance x and penetration time t, and rave is the average number
density of the alkane molecules of the system. Fig. 5 shows relative
density profile of fluid in the kerogen silts as a function of time and
distance. In Fig. 5(a) for the 6 nm slit, the fluid front is spread out
with time within the restricted space of the kerogen slit. Fig. 5(b)
for the 3 nm slit shows that the fluid front is less diffuse than the
6 nm slit. For the 1 nm slit (Fig. 5(c)), the viscous resistance be-
tween fluid molecules and fluid-solid molecules is greater. Thus,
although there is fluid flow into the 1 nm slit, molecules accumu-
late at the entrance, but with only a small spread with time.

The penetration distance of n-C12 was measured at a position
corresponding to rrelative ¼ 0.1 to avoid density fluctuations caused
by a few molecules in the vacuum phase. Fig. 6 shows the pene-
tration distance in slits with different widths as a function of time.
Unlike the linear variation of penetration distance with time as in
carbon nanotubes (Supple and Quirke, 2004, 2005), the penetration
distance of n-C12 within all the three kerogen slits initially increases



Table 1
Numbers and densities of molecules in imbibition simulations.

Systems Aperture of kerogen slit Temperature, K Type of alkane molecules Initial number of alkane molecules

Kerogen/n-C12 1 298.15 n-C12 200
Kerogen/n-C12 3 298.15 n-C12 300
Kerogen/n-C12 6 298.15 n-C12 390
Kerogen/n-C12 6 313.15 n-C12 390
Kerogen/n-C12 6 353.15 n-C12 390
Kerogen/n-C12 6 393.15 n-C12 390
Kerogen/n-C12 3 393.15 n-C12 300
Kerogen/n-C20 3 393.15 n-C20 150
Kerogen/n-C30 3 393.15 n-C30 100
S1 3 393.15 n-C12

n-C20

n-C30

17
50
50

S2 3 393.15 n-C12

n-C20

n-C30

50
50
50

S3 3 393.15 n-C12

n-C20

n-C30

150
50
50

Fig. 4. Results of imbibition of n-C12 in the pore with different diameters at different times: (a) 6 nm; (b) 3 nm; (c) 1 nm.
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rapidly, and thereafter slowly increases. For carbon nanotubes
(r < 2 nm), as the tubes become smaller, the filling speeds increase
significantly because alkanes and walls are more attractive (Supple
and Quirke, 2004, 2005). However, for kerogen slits (1e6 nm), the
larger slits fill more quickly than the smaller slits. The speed of
penetration is: 6 nm > 3 nm > 1 nm. The early stage penetration is
dominated by the rapid acceleration of the molecules on the inner
surface of the slits, caused by the attractive force resulting from the
moleculeeslit interactions within the range of the potential.
Therefore, the filling speeds of the three slits are similar at the very
early stage (<100 ps). With the penetration of n-C12, the friction of
the rough surfaces and the viscous resistance between fluid mol-
ecules result in a slowing down of the filling speeds. The greater the
width of a slit, the smaller the viscous resistance between the
molecules. It is possible that for narrow slits, the filling at much
lower speeds due to the increased viscous resistance arises from
the tiny geometric space at a later stage.
1239
As reported by Martic et al. (2002, 2004, 2005), for a capillary
with a very small radius dominated by viscous forces, the overall
balance of forces on the liquid in the capillary can be expressed as:

2
R
gLVcosq ¼ 8

R2
hx

dx
dt

(2)

where R is the capillary radius, m; gLV is the surface tension of the
liquid, N/m; h is the viscosity of the fluid, Pa$s; q is the equilibrium
contact angle between the liquid and the capillary wall, degree; x is
the distance of penetration, m; and t is the imbibition time, s. The
LucaseWashburn (LeW) equation (Lucas, 1918; Washburn, 1921) is
obtained by integrating under the initial condition x ¼ 0, t ¼ 0:

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLVRcosq

2h

s ffiffi
t

p
(3)

For the slit model, Eq. (2) should be changed to Eq. (4):



Fig. 5. Relative density profiles in the kerogen slits at 300, 600, and 900 ps: (a)
L ¼ 6 nm; (b) L ¼ 3 nm; (c) L ¼ 1 nm.

Fig. 6. Penetration distance versus time for slits of widths of 6, 3, and 1 nm. The solid
lines correspond to the fits given by Eq. (5).

Table 2
Fitted coefficients for Eq. (8).

Cases A, Å B, Pa$s/(N$m) C, Pa$s/N

n-C12/6 nm/298.15 K 2.51 9.00 � 10�3 5.73 � 107

n-C12/3 nm/298.15 K 3.22 5.35 � 10�3 7.29 � 107

n-C12/1 nm/298.15 K 0.13 1.58 � 10�3 1.31 � 108

n-C12/6 nm/313.15 K 2.53 2.83 � 10�3 4.26 � 107

n-C12/6 nm/353.15 K 6.23 7.00 � 10�3 3.73 � 107

n-C12/6 nm/393.15 K 1.26 7.66 � 10�3 2.81 � 107

n-C12/3 nm/393.15 K 1.01 1.72 � 10�2 5.65 � 107

n-C20/3 nm/393.15 K 2.05 7.14 � 10�3 1.25 � 108

n-C30/3 nm/393.15 K 1.20 1.90 � 10�2 1.45 � 108

Fig. 7. Relative density of n-C12 in the pore with different diameters at 1 ns.
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2
L
gLVcosq ¼ 12

L2
hx

dx
dt

(4)

where L is the width of the slit, m. Similarly, with the same initial
1240



Fig. 9. Comparison of orientation of n-C12 between the slits with 1 and 6 nm.
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condition, integration leads to the LeW equation applicable to slit
model:

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLVLcosq

3h

s ffiffi
t

p
(5)

After n-C12 in the 6 nm slit reaches the edge of the slit, the end
effect will change the contact angle. Therefore, only the penetration
process in 6 nm slit before n-C12 reaches to the end of the slit (less
than 900 ps) can be described by the above equation. As shown in
Fig. 6 (blue scatter), the dynamics of x(t) in the 6 nm slit can be
described by the LeW equation applicable to the slit model (Eq.
(5)), with only a slight deviation in the early stage. However, for the
3 nm and 1 nm slits, the slow penetration speed in the later stage
makes the deviation between the simulated and fitted get larger.
Through the observation of the trajectory file, after a period of
penetration, more and more molecules enter the slits, and the
kerogen walls has an increasing hindrance to the movement of n-
C12 molecules, which affects the penetration speed at late stage. In
the confined slit, the attractive force between the kerogenwalls and
alkane molecules reduces the velocity of the alkane penetration in
the kerogen slit.

The wetting of porous media is an important parameter in oil
production. As noted, the structure of kerogen is complex, and it is
difficult to measure the contact angle by experimental methods.
According to Eq. (4), the contact angle q can be obtained by fitting
the simulation results of imbibition with the LeW equation when
the viscosity and surface tension have been determined. In the
imbibition process, the contact angle may depend on the wetting-
line velocity of penetration (de Gennes, 1985). This effect was
accounted for in Eqs. (2) and (4) by replacing q with a dynamic
value qt. Martic et al. (2002, 2004, 2005) have used the
molecularekinetic theory (Blake and Haynes, 1969) to study dy-
namic contact angle during capillary imbibition. The velocity of the
wetting line dx/dt can be expressed by:

dx
dt

¼ 1
z

h
gLV

�
cosq0 � cosqt

� i
(6)

with
Fig. 8. Dynamic contact angles for different width slits: (a) L ¼ 6 nm; (b) L
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z¼nkBT
.
k0l

where z is the coefficient of wetting line friction; k0 is the frequency
of molecular displacement; l is the average length of a molecule, Å;
n is the number of adsorption sites per unit area; kB is Boltzmann's
constant, J/K; T is the absolute temperature, K; q0 is the equilibrium
contact angle, degree; qt is the dynamic contact angle, degree.

By combining Eqs. (6) and (4), we obtain the velocity dependent
equation for slit imbibition:

2
L
gLV

�
cosq0 � z

gLV

�
dx
dt

��
¼ 12

L2
hx

dx
dt

(7)

The exact solution of Eq. (7) is:
¼ 3 nm. The solid lines correspond to the predicted angle from Eq. (9).



Fig. 11. Variation of penetration distance with time of n-C12 in the 6 nm slit for
different temperatures. The solid lines correspond to the fits given by Eq. (5).
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xðtÞ¼ � B
C
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2t
C

þ
�
Aþ B

C

�2
s

(8)

Different from the capillary model, the coefficients for slit model

is A ¼ xð0Þ, B ¼ z=
�
gLVcosq

0
�

and C ¼ 6h=
�
gLVcosq

0
�
. Table 2

shows the coefficients A, B, and C obtained by fitting the simula-
tion results using a LevenbergeMarquard method.

The dynamic contact angle for slit model was expressed by:

qt ¼ arccos

"
xðtÞcosq0
xðtÞ þ B=C

#
(9)

We can use Eq. (9) to predict dynamic contact angle qt, and
comparewith the values of qt measured in the simulations. In order
to define the boundary of kerogen slit, we calculated a relative
density profile similarly as before (but this time along the y axis) of
alkane in the slit region. As shown in Fig. 7, the n-C12 in kerogen slits
with widths of 6 nm and 3 nm show the two density peaks near the
kerogen boundary. The two density peaks at different imbibition
times were used to locate the extremity of the meniscus of the
advancing front. The contact angle can be obtained from the
tangent of the meniscus and the slit boundary. Do note however
that the two density peaks phenomenon is absent from the relative
density profiles of n-C12 in a slit with a width of 1 nm, which in-
dicates that it is difficult for n-C12 to form a density difference in
such a small space. Therefore, it is more difficult to measure the
contact angle by tangent line for a 1 nm slit.

Fig. 8 shows a direct comparison between our simulated results
of different width slits and the predicted contact angle. As indi-
cated, the results of n-C12 in slits with widths of 6 nm are in very
good agreement with the predicted contact angle by Eq. (9), but the
predicted contact angle in the 3 nm slit shows slight up-and-down
deviations. The apparent issue is the unevenness of the kerogen
surface giving rise to an error in the obtained contact angle.
Nevertheless, there is no obvious difference of contact angle in slits
with widths of 6 and 3 nm, suggesting that the contact angle does
not depend on the slit width, but only on the material properties
and its temperature. This important result is consistent with that
predicted by molecular-kinetic theory (Martic et al., 2002, 2004,
2005).

We counted the orientation of alkane molecules relative to the
slit axis in each case. The orientationwas characterized by the angle
Fig. 10. Method of calculating the interaction energy between n-C12 and OM: (a) model of th
C12 and OM with the angle with the direction of imbibition.

1242
qox between the end-to-end chain vector and the imbibition di-
rection (x axis) (Supple and Quirke, 2005). The angle qox can take
any value between 0� and 90�: 0� represents that the chains are
completely aligned with the x axis, and 90� represents that the
chains are completely perpendicular to the x axis.

The orientation of the n-C12 molecules in the kerogen slits with
widths of 6 nm and 1 nm are shown in Fig. 9. As shown is Fig. 9, the
greater proportion of n-C12 is oriented at an angle of less than 45� in
both the 6 nm and the 1 nm slits. In the 1 nm slit, there is no n-C12
oriented at an angle greater than 75�, which represents almost no
molecules coiled and perpendicular to the slit axis. The proportion
of n-C12 oriented at an angle of 30�e60� in the 6 nm slit is greater
than that of the 1 nm slit. The proportion of n-C12 oriented at an
angle of less than 30� in the 1 nm slit is significantly greater than
that in the 6 nm slit, suggesting that more n-C12 molecules orient
almost perfectly parallel to the x axis.

As shown in Fig. 10(a), we built a model to calculate the
e interaction between n-C12 and OM; (b) variation of the interaction energy between n-
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interaction between the kerogen matrix (designated by OM in the
figure and hereafter) and the n-C12 molecules. The angle with the x
axis is changed to calculate the interaction energy at different
orientation angles. The interaction energy between n-C12 molecule
and kerogen can be calculated as follows (�Sponer et al., 1999; Zhao
et al., 2021):

Ekerogen&n�C12
¼ Ekerogenþn�C12

�
�
Ekerogen þ En�C12

�
(10)

where Ekerogen&n�C12
is the interaction energy between n-C12

molecule and kerogen, kcal/mol; Ekerogenþn�C12
is the total non-

bond energy of n-C12 molecule and kerogen, kcal/mol; Ekerogen is
the non-bond energy of kerogen, kcal/mol; En�C12

is the non-bond
energy of n-C12 molecule, kcal/mol.

A negative value of interaction energy suggests attractive
interaction between n-C12 molecule and kerogen (i.e., bonding
energy), and the more negative the value represents the greater the
interaction strength between the two components, corresponding
to the minimum energy of molecular configuration. Fig. 10(b)
shows the interaction energy when the angles with the x axis
ranges from 0� to 90�. It can be seen that the interaction energy is
Fig. 12. Dynamic contact angles for different temperatures: (a) T ¼ 298.15 K; (b) T ¼ 313.15
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greater and is invariant with respect to change of angle when the
orientation angle is between 40� and 90�. However, when the
orientation angle is less than 40�, the Ekerogen&n-C12 decreases
rapidly as the orientation angle decreases. Compared with the 6 nm
slit, the less than 30� orientation angle of n-C12 molecules in the
1 nm slit reside in greater proportion, reflecting that more mole-
cules need to change their conformation to parallel to the x axis so
as to maintain a lower energy for imbibition into the slits. Space-
confinement conformational changes of n-C12 molecules slow
down the imbibition speed, resulting in the shortest penetration
distance of the 1 nm slit within 1 ns.

3.2. Effect of temperature

The vacuum-imbibition of n-C12 in the 6 nm kerogen slit for
different temperatures was evaluated. The time evolutions of
penetration distance in 6 nm slits at different temperatures are
shown in Fig. 11. It can be seen that the LeWequation applicable to
the slit model (Eq. (5)) can fit the simulated penetration distance
well except for the end of penetration due to the end effect as
analyzed before. The penetration distance was functionally
approximated based on dependence of the square root of time. The
K; (c) T ¼ 353.15 K; (d) T ¼ 393.15 K. The solid lines correspond to the predicted angle.
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imbibition speeds increase as the temperature increases. Prior to
200 ps, only the penetration speed of n-C12 at 393.15 K is slightly
higher than penetration speeds at other temperatures. After 200 ps,
the difference in the penetration speeds of n-C12 at the three
different temperatures gradually increases. Fig. 12 shows the pre-
dicted contact angle via Eq. (9) at four different temperatures.
Consistent with the previous study results, the predicted contact
angle decreases slightly with increasing temperature.

High temperature leads to high thermal motion velocity,
meaningmore frequent collision betweenmolecules occurs. Alkane
molecules with higher velocity have more kinetic energy, which
can help to overcome the attractive force between n-C12 molecules
and kerogen walls. Therefore, high temperature leads to high
imbibition velocity. Fig. 13 compares the orientation of n-C12
Fig. 14. Results of the imbibition of different alkanes in 3 nm pore: (a) n-C12 at 1 ns; (b) n-C
alkanes in the 3 nm pore.

Fig. 13. Comparison of the angle distribution of n-C12 in the 6 nm pore at 313.15 and
393.15 K, respectively.
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molecules in the kerogen slits at 313.15 and 93.15 K, respectively. As
shown, the proportion of n-C12 molecules oriented at an angle of
less than 45� is greater in both the 313.15 K and the 393.15 K cases.
The proportion of n-C12 oriented at an angle greater than 60� at
393.15 K is greater than 313.15 K, and the proportion of n-C12 ori-
ented at an angle less than 15� at 313.15 K is greater than 393.15 K.
These observations mean that more molecules lie parallel to the x
axis (minimum energy conformation) at 313.15 K. With tempera-
ture increasing, the movement of molecules increases. High tem-
perature systems have more energy and thus n-C12 molecules do
not need to maintain the minimum energy conformation. There-
fore, higher temperature is a positive factor for alkane imbibition.
3.3. Effect of alkane length

The vacuum-imbibition of alkane with different lengths in the
3 nm kerogen slit at 393.15 K was evaluated. Snapshots and
penetration distance of each system are shown in Fig. 14. As shown
in Fig. 14(aec), each alkane is depicted by different colors: red e n-
C12, yellow e n-C20, purple e n-C30. Before combining with the
kerogen slit box, a constant-temperature (393.15 K), a constant-
pressure (0.1 MPa), NPT ensemble simulation was performed on
the alkane molecules box for 1 ns. It can be seen from Table 1 that
the temperature and pressure conditions of different alkane sys-
tems are the same, and the initial numbers of n-C12, n-C20 and n-C30
molecules in the kerogen slit are different (shown in the last col-
umn), meaning different densities. After simulating the imbibition
process for 1 ns, more n-C12 molecules penetrated into the kerogen
slit. It can be seen from Fig. 14(d) that the penetration distance of
the three alkanes all exhibit similar trend, and also that all can be
well fitted by the LeW equation applicable to the slit model (Eq.
(5)). The imbibition speed of n-C12 is obviously greater than that of
n-C20 and n-C30, both of which have almost the same imbibition
speed. Fig. 15 shows the predicted contact angle of the three al-
kanes via Eq. (9) at 393.15 K. At the early stage of imbibition, the
deviation between the predicted dynamic contact angles and the
simulated contact angles increases as the carbon chain number
increases. The predicted dynamic contact angles of the three al-
kanes exhibit only slight differences from the simulated contact
20 at 1 ns; (c) n-C30 at 1 ns; (d) variation of penetration distance with time of different



Fig. 15. Dynamic contact angles for different alkanes in the 3 nm at 393.15 K: (a) n-C12;
(b) n-C20; (c) n-C30.
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angles at a later stage of imbibition, which indicates that the same
wetting-line friction is exhibited by the three alkanes. Therefore,
the difference in the penetration distance of the three alkanes in
the 3 nm slit is not due to a difference in wettability.

Fig. 16(a) compares the orientation of n-C12 and n-C30 molecules
in the 3 nm kerogen slits at 393.15 K. It can be seen that the pro-
portion of molecules oriented at an angle of less than 45� is greater
for both the n-C12 and the n-C30 cases. The proportion of n-C30
oriented at an angle less than 15� is much greater than that of n-C12.
This means that more n-C30 molecules need to maintain the min-
imum energy conformation in the 3 nm slit at 393.15 K. We used
the model shown in Fig. 10(a) by replacing the n-C12 with n-C30 to
calculate the interaction energy between n-C30 and OM with
different orientation angles. Remembering the previous discussion
about interaction energies, and that a negative value of interaction
energy suggests attractive interaction between the two compo-
nents (i.e., the more negative the value represents a greater inter-
action strength between the two components), we turn now to
Fig. 16(b). From the interaction energies between alkane and OM
with the different orientation angles as shown there, similar as
with n-C12 and OM, the interaction energy of n-C30 and OM is
greater (i.e., more negative ¼more attracting) and does not change
with a change of angle when the orientation angle is between 20�

and 90�. The interaction energy of n-C12 and OM is less (i.e., less
negative ¼ less attracting) than that of n-C30 and OM when the
orientation angle is the same. Especially when the orientation angle
is less than 15�, the Ekerogen&n-C30 are much greater (again, more
negative ¼more attracting) than the Ekerogen&n-C12. Compared with
the space of the 3 nm slit, the molecular size of n-C30 is too large,
reflecting that more molecules need to change their conformation
to maintain a lower energy for imbibition into the slits. With the
alkane length increasing, the space-confinement hindrance in-
creases. The longer the carbon chain, the slower the movement of
alkane molecules. Therefore, the deviation of predicted dynamic
contact angle and the slower penetration speeds of n-C20 and n-C30
is because the alkane molecules need more time to undergo
conformational changes at an early stage of imbibition, reflecting
that the shorter chain alkanes have greater mobility under capillary
action.

3.4. Effect of alkane ratio

Due to the complexity of shale oil, especially continental shale
oil, which contains a high content of long-chain alkanes, we
selected n-C12, n-C20, and n-C30 as the operative molecular mix-
tures. The imbibition process of alkane mixtures with different
molar ratios in the 3 nm kerogen slits at 393.15 K were simulated.
Snapshots and penetration distance of each system are shown in
Fig. 17. Same as Fig. 14, each alkane of the mixtures in Fig. 17(aec) is
depicted by different colors: red e n-C12, yellow e n-C20, purple e

n-C30. For a brief description, we denoted the system (n-C12): (n-
C20): (n-C30)¼ 0.3:1:1 by S1 (Fig. 17(a)), the system (n-C12): (n-C20):
(n-C30) ¼ 1:1:1 by S2 (Fig. 17(b)), and the system (n-C12): (n-C20):
(n-C30) ¼ 3:1:1 by S3 (Fig.17(c)). The numbers of molecules of the
three systems are listed in Table 1. As shown in Fig. 17(aec), after 1
ns imbibition, the S1 system imbibed the least molecules into the
kerogen slit, and the S3 system imbibed the most molecules into
the kerogen slit. The advancing meniscus of the mixtures can be
clearly observed in all three cases, meaning that the slits filling
occurs in layers closest to the slit inner surface first. According to
the meniscus of the advancing front, contact angles were all less
than 90� in three cases. It can be seen from Fig. 17(d) that, same as
with the single alkane, the penetration distance of the three mix-
tures all first increase rapidly, and thereafter slowly increase, which
means that the penetration speed at the early stage is faster, and
1245
that the penetration speed at the later stage slows down. The
variation of penetration distance with time of the three cases also
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can be well fitted by the dynamic contact angle modified LeW
equation (Eq. (8)). The imbibition speed is: S3 system ((n-C12): (n-
C20): (n-C30) ¼ 3:1:1) > S2 system ((n-C12): (n-C20): (n-
C30) ¼ 1:1:1) > S1 system ((n-C12): (n-C20): (n-C30) ¼ 0.3:1:1),
meaning that systems containing more shorter chain alkanes have
greater penetration speeds.

The relative density profiles (along the x axis) of the three alkane
ratio systems are shown in Fig. 18. It can be seen from Fig. 18(a) that
most n-C12 molecules are imbibed into the kerogen slit with the S3
system, while the S1 system is the least. This is because the S3
system contains a higher molar ratio of n-C12, and the n-C12 mol-
ecules in the system have the best mobility. Like n-C12, n-C20 and n-
C30 molecules are imbibed the most in the S3 system, and the least
in the S1 system.

This can be explained by the increasing molar ratio of n-C12
molecules in the three systems, which leads to greater mobility of
Fig. 16. (a) Comparison of the angle distribution of n-C12 and n-C30 in the 3 nm pore; (b) vari
angle with the direction of imbibition.

Fig. 17. Results of the imbibition of the mixture of alkanes in 3 nm pore: (a) (n-C12): (n-C20):
(n-C30) ¼ 3:1:1 at 1 ns; (d) variation of penetration distance with time of different alkane
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each alkane mixture molecules. Fig. 19 shows the relative density
profiles of n-C12, n-C20, and n-C30 molecules in each system after 1
ns imbibition. When the content of n-C12 is the smallest (Fig. 19(a)),
the number of n-C12, n-C20, and n-C30 molecules filling the slit is
relatively small, and can only enter a distance of less than 40 Å
within 1 ns, which is very close to the entrance. At the advancing
front, the relative densities of n-C20 and n-C30 are greater than that
of n-C12, which indicates that, although n-C12 has a greater mobility,
the accumulation of n-C20 and n-C30 molecules at the entrance
prevent the penetration of n-C12.When one third of the system is n-
C12 molecules (Fig. 19(b)), n-C12, n-C20, and n-C30 molecules can
enter to a distance of 60 Å within 1 ns, and the density of n-C12 in
the slit is greater than that of either n-C20 or n-C30. When the
content of n-C12 molecules continues to increase (Fig. 19(c)), n-C12,
n-C20, and n-C30 molecules can enter to a distance of 80 Å within
1 ns, and the n-C12 at the advancing front carries more n-C20
ations of interaction energies between n-C12 and OM, n-C30 and OM with respect to the

(n-C30) ¼ 0.3:1:1 at 1 ns; (b) (n-C12): (n-C20): (n-C30) ¼ 1:1:1 at 1 ns; (c) (n-C12): (n-C20):
ratios in the 3 nm pore.
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molecules. As in the previous analysis, molecular transportation is
mainly governed by the molecular structure at this scale, and the
shorter chain alkanes have greater mobilities under capillary ac-
tion. Therefore, as the content of short-chain alkanes increases, the
Fig. 18. Comparison of relative densities of alkanes in the 3 nm slit at 1 ns for three
systems with different alkane ratios: (a) the relative density of n-C12 in the three
systems; (b) the relative density of n-C20 in the three systems; (c) the relative density
of n-C30 in the three systems.
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mobility of long-chain alkanes improves and facilitates the pene-
tration of alkane mixtures in kerogen slits.
Fig. 19. Comparison of the relative density distributions of n-C12, n-C20, and n-C30 in
the 3 nm slit at 1 ns for three different alkane ratios: (a) the alkane ratio is (n-C12): (n-
C20): (n-C30) ¼ 0.3:1:1; (b) the alkane ratio is (n-C12): (n-C20): (n-C30) ¼ 1:1:1; (c) the
alkane ratio is (n-C12): (n-C20): (n-C30) ¼ 3:1:1.
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4. Conclusions

The coupling transport of the oil flow in the organic pores and
diffusion in the surrounding organic walls exist in the process of
restoring the organic oil saturation and production. It is not
possible to separate the diffusion from the flow, there exists un-
certainties in assuming the parameters for flow in pores and
diffusion in kerogen. To study the flow process in the organic pores,
the imbibition of hydrocarbons in nanometer-wide kerogen slits
was investigated. Effects of slit width, temperature, n-alkane types,
and n-alkane ratio on the penetration distance, dynamic contact
angle, and molecular conformations were analyzed. The following
conclusions have been drawn from the study:

(1) Unlike the flow behavior of n-alkane in carbon nanotubes,
the filling speeds of n-alkane in kerogen slits with apertures
from 1 to 6 nm increase significantly as slits width increases.
The main reason for this is that the driving force due to the
molecule-silt interactions does not depend on the silt width,
but space-confinement conformational changes of molecules
slow down the filling speeds in the narrow slits.

(2) Increasing the temperature of a system is a positive factor for
n-alkane imbibition, because high temperature provides
more energy and thus n-alkane molecules can freely imbibe
into the slits without taking time to change to the minimum
energy conformation.

(3) Molecular transportation of n-alkanes is dominated by mo-
lecular structure and molecular motion at this scale. As the
alkane length increases, the space-confinement hindrance
increases. Therefore, n-alkane molecules with long carbon
chains require more time to undergo conformational
changes, which conversely indicates that n-alkanes with
short carbon chains have greater mobility under capillary
action. Therefore, as the content of short-chain alkanes in-
creases in alkane mixtures, the mobility of long-chain al-
kanes improves and facilitates the penetration of alkane
mixtures in kerogen slits.
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