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Abstract:

Nanoscale confinement affects unconventional oil and gas development, materials science,
chemistry, and energy storage. Size and temperature significantly affect adsorption and
diffusion, but the critical size and temperature for nano-confinement effects are not
yet clear. In this study, molecular dynamics simulations were employed to investigate
the n-heptane adsorption and diffusion characteristics of hydroxylated quartz in nano-
confinement, the analysis elucidated that both size and temperature effects have important
influences on adsorption and diffusion, the critical size is 6 nm, and the critical temperature
is 303 K for the nano-confinement effect. Beyond 6 nm, a free adsorption layer appears,
with constant absolute adsorption capacity and density peak value, and increased diffusion
with increasing size and temperature, the interaction energy remains relatively constant
with varying slit sizes. Below 6 nm, nano-confinement forms a fully adsorbed layer,
absolute adsorption capacity decreases with increasing size, the interaction energy increases
monotonically with decreasing slit sizes, the diffusion coefficient in the Z-direction is low
to zero; The density peak value of the first adsorption layer increases and the diffusion
coefficient decreases with decreasing size below 303 K; Below 6 nm and above 303K,
the two values show little correlation with size and exhibit somewhat random fluctuations,
suggesting that temperatures exceeding 303 K weaken the nanoconfinement effect. This
paper provides certain theoretical guidance for the development of fluids in nanopores such
as shale oil.

1. Introduction

with very low porosities (10%) and permeabilities (1-10 nD)
(Lee and Kim, 2016; Liu et al., 2017).

With the reduction of conventional oil and gas reserves,
the development of unconventional oil and gas such as shale
oil has now become an important part of the world’s energy
replacement (Hughes, 2013; Liang et al., 2022). Scholars have
conducted extensive research for the slit architecture of shale
through microscale experimental techniques, including high-
pressure pumping (Chen et al., 2017), atomic force microscopy
(AFM) (Perez and Devegowda, 2019), scanning electron mi-
croscopy (SEM) (Vishal et al., 2019), and gas adsorption
(Xu, 2020). Their findings reveal that shale reservoirs have
complex microstructures, mainly consisting of nanoscale slits
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In shale reservoirs, especially within nanoslits, there is
a strong interaction between the fluid and the slit walls.
This causes a significant nano-confinement effect on the fluid
molecules, making their behavior very different from that
in larger-scale environments (Yu et al., 2020). This nano-
confinement effect is seen in the way the fluid is adsorbed
onto the slit walls, leading to noticeable changes in important
properties, such as stronger adsorption and weaker diffusion
compared to those in the bulk phase (Bicerano, 2012).

To explore the thermodynamic and Kkinetic attributes of
shale oil under nano-constrained circumstances, researchers
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have devised an array of experimental and simulation
techniques, encompassing adsorption-desorption (Rogala et
al., 2017), differential scanning calorimetry (Kodali, 2005),
and nanochannel methodologies (Mino and Kazoe, 2023).
Simulation methodologies encompass density-functional the-
ory (Zheng et al., 2021), molecular dynamics (Sonibare et
al., 2021), lattice Boltzmann modeling (Rong et al., 2010),
equation of state analysis (Yang et al., 2019), and machine
learning techniques (Li et al., 2021). Nevertheless, conven-
tional physical experimental approaches are constrained to
evaluating the adsorption kinetics and capacity of individual
components, thus failing to systematically elucidate the micro-
scopic characteristics within nanoslits, let alone guaranteeing
result accuracy (Akbarabadi et al., 2017; Chen et al., 2017).
Molecular simulation (MD), recognized as an efficacious tool
for characterizing the microscopic behavior of substances,
offers a comprehensive assessment of intermolecular and wall-
fluid interactions, thus finding extensive application in shale
oil adsorption studies (Huang et al., 2021; Chang et al., 2022).

Researchers have extensively investigated temperature and
slit size as crucial factors influencing the adsorption dynamics
of shale oil. Xiong et al. (2016) explored the fugacity state
of methane within quartz nanoslits, observing the formation
of adsorption phases near the slit wall due to its strong
attraction. At 300 K, a reduction in slit size resulted in
increased adsorption, whereas elevated temperatures led to
decreased adsorption. Zhang et al. (2017) replaced varying
depths with different temperature pressures and observed
methane adsorption in 2.5 nm carbon nanotube slits, noting
a trend of initially increasing and then decreasing adsorption
with rising temperature pressure. Huai et al. (2020) found that
the average potential energy of methane molecules in nanoslits
is lower than that of water molecules. Bekeshov et al. (2023)
discovered that as the slit slit width increases, the adsorption
amount of gas molecules also increases, and the number
density distribution of adsorbed methane molecules transitions
from monolayer to multilayer adsorption. Xu et al. (2023)
examined the adsorption characteristics of liquid alkanes in
organic nanoslits, observing that at a specific temperature pres-
sure (383 K, 20 MPa), alkane adsorption was confined within
3.6 nm. Beyond this threshold, alkane behavior transitioned
from solely adsorbed to a coexistence of adsorbed and free
states, with the peak of each adsorbent layer increasing with
slit size. Chen et al. (2019) discovered that methane adsorbed
within montmorillonite nanoslits exhibited a critical slit size of
2 nm, with complete adsorption in slits < 2 nm. At a slit size
of 1 nm, methane remained exclusively in the adsorbed state,
while slits > 2 nm featured a free zone. The thickness of the
adsorbed zone is no longer affected by slit size and pressure.
Cui et al. (2022) developed a molecular model of Gulong shale
oil and found that changes in the content of polar components
lead to more significant variations in the physical properties
of shale oil compared to changes in hydrocarbon content. Sun
et al. (2023) observed that light oil alkanes predominantly
existed in the adsorbed state within slits narrower than 3 nm,
while both adsorbed and free states coexisted in larger slits.
Fang et al. (2024) examined the adsorption behavior of n-
octane on the kerogen-illite heterogeneous, observing rapid
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decreases in the percentage of the first adsorption layer to total
adsorption as slit size increased. This effect was pronounced
at 353 K and 30 MPa, indicating a temperature-induced
reduction. Fei et al. (2023) observed that elevated temperatures
facilitated the desorption of oil molecules from adsorption
sites, resulting in decreased adsorption and increased uptake
by casein. Conversely, pressure and slit size exerted minimal
influence on shale oil distribution. Wang (2016) discovered
that widening the slit slits of graphite led to a gradual increase
in the average density of the adsorbed fluid. However, this
trend eventually stabilized, reaching a constant value.

In conclusion, the adsorption of shale oil in shale reservoirs
is influenced by three primary factors: Pressure, temperature,
and slit size. However, ongoing controversy among researchers
regarding the analysis of temperature and slit size stems from
the research paradigm, which often focuses on studying slit
size at a constant temperature or temperature at fixed slit
size conditions. This approach fails to systematically and
comprehensively account for the nanoconfinement effect of
shale oil across varying temperatures and size.

This study utilizes molecular dynamics simulation, using
n-alkanes as a substitute for shale oil, to analyze the adsorption
and diffusion behavior of shale oil in quartz nanoslits. It
considers the effects of different temperatures (283 K to 363
K) and slit sizes (2 nm to 10 nm) on shale oil adsorption
and diffusion, and identifies the critical size and critical
temperature for the nano confinement effect on adsorption and
diffusion. The results elaborate on the adsorption mechanism,
providing theoretical insights for the future efficient develop-
ment of shale oil resources.

2. Models and methods
2.1 Molecular models

Throughout the evolution of shale sedimentary rocks,
typically saturated by aquifers prior to hydrocarbon genera-
tion, the quartz surface within the formation becomes fully
hydroxylated, exhibiting pronounced hydrophilicity (Skelton
et al,, 2011). Consequently, this paper initially adopts the
hydroxylated quartz model to construct slit-like shale slits.
The monomer model of quartz is sourced from the Cambridge
Structural Crystal Database (CSDS), with its monomer cell
depicted in Fig. 1(a). Building upon this foundation, slicing
and cell expansion procedures were conducted on the (100)
face of the quartz monocrystalline cell model, followed by
hydroxylation of the quartz surface, resulting in a quartz
supercell structure measuring 2.948 nm x 2.703 nm in the
x and y directions, respectively, as illustrated in Fig. 1(b).

Shale oil exhibits a highly intricate composition, com-
prising diverse compounds including n-alkanes, branched
alkanes, aromatic hydrocarbons, and asphaltenes (Jorgensen
et al,, 1996). Following the construction of the n-heptane
monomer model, structural optimization is necessary to derive
the stable molecular model of heptane. Subsequently, a specific
quantity of n-heptane molecules was chosen to construct the
liquid box depicted in Fig. 2(a), with box dimensions in the
x and y directions aligned with the parameters of the wall
model shown in Fig. 1(b). Subsequently, the wall model and
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Fig. 1. Quartz cell model: (a) single cell model; (b) supercell model.

Fig. 3. Relaxation process of n-heptane adsorption system.
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the liquid model were integrated to form the initial model of
shale oil in quartz nanoslits, as illustrated in Fig. 2(b). The
slit aperture values considered in this paper range from 2 to
10 nm.

2.2 Simulation methods

The entirety of the simulation process was executed using
the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS), with the results subsequently visualized via
OVITO. In this study, n-heptane was chosen as the subject
of investigation. The OPLS force field was employed for n-
heptane, while the CLAYFF force field was utilized for the
quartz wall surface. The system incorporated periodic bound-
ary conditions. The van der Waals potential was calculated via
the Atom summation method, and the electrostatic potential
was computed using the Ewald summation method, with a
truncation radius of 12.5 A. During the simulation, following
the minimization of system energy, the upper and lower
quartz wall surfaces were fixed. The NVT ensemble was then
applied to the system for 2 ns. The system was subsequently
subjected to a 2 ns interval. Post energy minimization, the
upper and lower quartz wall surfaces remained fixed, and
kinetic relaxation was achieved via the NVT ensemble for 2 ns,
maintaining constant molecule count, volume, and temperature
throughout the relaxation period. The timestep was set to 1 fs,
and a Nose-Hoover thermostat was utilized for temperature
regulation. The total simulation spanned 2,000,000 steps,
with one frame output every 20,000 steps. Upon completion
of the relaxation phase, the equilibrated atomic trajectories
were collected for statistical analysis. The specific adsorption
process is illustrated in Fig. 3.
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Fig. 4. Comparison of simulated and standard values of n-
heptane density.

2.3 Forece field validation

To verify the applicability of the OPLS force field to n-
heptane fluid, this study constructs a fluid box containing 1000
n-heptane molecules with an initial density of 1 g/cm?. The
OPLS potential is applied to the fluid box. To prevent atomic
overlap and consequent high energy, the smart algorithm is
first employed to minimize system energy. Subsequently, NPT
dynamics relaxation is performed for 2 ns, followed by NVT
dynamics relaxation for an additional 2 ns. The density of
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n-heptane is then statistically analyzed and compared with
the NIST density value at the same temperature and pres-
sure. During NVT kinetic relaxation, the system pressure is
maintained at 20.7 MPa. The final density of n-heptane is
statistically analyzed and compared with the NIST density
value at identical temperature and pressure conditions. As
shown in Fig. 4, the discrepancy between the simulated value
and the NIST standard is within 5%, thus confirming the
validity of the OPLS force field.

3. Results and discussion

3.1 Spatial distribution characteristics of
n-heptane in quartz nanoslits

The density of n-heptane molecules within the system was
calculated by partitioning the simulated area. Fig. 5 illustrates
the density distribution curve of n-heptane in an 8§ nm quartz
nanoslits at a temperature of 353 K. The figure reveals that
n-heptane exhibits inhomogeneous distribution characteristics
within the nanoslit, attributed to the interaction between the
quartz wall and n-heptane molecules. This results in the
formation of an adsorption zone with oscillating density and a
free zone with uniform density. This oscillatory layering near
the wall represents the multilayer adsorption of molecules,
while the smooth density distribution in the center signifies
the free state of the molecules, as has been demonstrated by
several studies (Sui et al., 2020; Zhang et al., 2022). Multiple
adsorption layers are formed within the adsorption zone, with
the peak density of the adsorption layers increasing as they
approach the slit wall. Notably, the peak density of the first
adsorption layer near the slit wall is 1.24 g/cm?, approximately
1.89 times the density of the free state, thus forming a ”solid-
like layer.” In the free zone distant from the wall, the density of
n-heptane approaches the bulk value of 0.65694 g/cm?® (NIST
standard value), thereby confirming the accuracy of the shale
oil adsorption model.
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Fig. 5. Density distribution curve of n-heptane on quartz wall.

3.2 Characterization of n-heptane adsorption at
constant temperature across varied slit sizes

Fig. 6 illustrates the density distribution of n-heptane
within six quartz nanoslits, each with varying slit size, at
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a temperature of 323 K. The figure reveals that n-heptane
adsorption within quartz nanoslits is confined by a critical
size of 6 nm. When the slit size is less than 6 nm, n-
heptane molecules are entirely in an adsorbed state throughout
the slit space. This complete adsorption is attributed to the
cumulative effect of forces from both slit walls, and the
number of adsorption layers increases with increasing slit size.
When the slit size exceeds 6 nm, the number of adsorption
layers remains constant. A symmetric arrangement of five
adsorption layers forms near the quartz wall surface, while
the heptane molecules at the slit center remain in a free state,
largely unaffected by alkane-wall interactions, with a density
approaching that of the bulk phase.
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Fig. 6. Density distribution of n-heptane at different slit sizes.

3.3 Characterization of n-heptane adsorption
across varied temperatures and slit sizes

Fig. 7 presents the density distribution curves of n-heptane
at five distinct temperatures, ranging from 283 to 363 K, within
six quartz slits of varying slit sizes, from 2 to 10 nm. The
figure illustrates that within the six quartz nanoslits of varying
slit sizes, an increase in temperature exerts an inhibitory effect
on n-heptane adsorption. When the slit size is less than 6 nm,
the density distribution does not reach a steady state across the
slit but instead exhibits multiple oscillating peaks and troughs.
We interpret these as multilayer adsorption, a phenomenon
observed in other studies as well (Zhang et al., 2019; Sui et
al., 2020), and the n-heptane is entirely in the adsorbed state.
For a given slit size, the peak densities of adsorption layers at
temperatures below 303 K are significantly higher compared
to other temperatures. As the temperature increases from 323
to 363 K, the peak density of the adsorption layer decreases
progressively. However, when the slit size is extremely small
(less than 2 nm), the temperature-induced trend in peak density
becomes less pronounced, as depicted in Fig. 7. When the slit
size exceeds or equals 6 nm, n-heptane transitions to a free
state away from the wall. The density difference due to low
temperatures (below 303 K) diminishes, and both the peak
density of the adsorbed layer and the density of the free phase
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gradually decrease as the temperature ranges from 283 to 363
K. Furthermore, the temperature-induced density difference
lessens as the slit size increases.

To investigate the variation in adsorption characteristics
of n-heptane with slit size at different temperatures, Fig. 8
analyzes the adsorption quantity of n-heptane at various slit
sizes and temperatures, as well as the peak value of the first
adsorbed layer. Fig. 8(a) reveals that the absolute adsorption
capacity I'y, increases progressively with slit size and stabi-
lizes upon reaching 6 nm. These quantities are calculated using
Eq. (1):

Ly = Vadpad (1)
where V,; is the volume of the adsorption region, p,g is the
average density of the adsorption region.

Furthermore, the adsorption quantity decreases with rising
temperatures from 283 to 363 K, with a diminishing rate of
decrease, indicating that the increase in adsorption quantity
is more pronounced at lower temperatures. Fig. 8(b) shows
the relationship between the peak value of the first adsorption
layer and the temperature and slit size, it decreases with
increasing temperature, and it is demarcated by a slit size of 6
nm. When the slit size exceeds 6 nm, the peak value of the first
adsorption layer remains unchanged with slit size. Conversely,
when the slit size is less than 6 nm, influenced by the slit size
effect, the peak value of the first adsorption layer exhibits
undulations with decreasing slit size at temperatures above
323 K, showing random variations at different temperatures.
When the temperature is below 303 K, the peak value of the
first adsorption layer increases with decreasing slit size, and
the nano-confinement effect is obvious. As the temperature
rises, the peak density of the first adsorption layer decreases,
which shows that the size constraint effects are weak.
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Fig. 9. Curves of interaction energy between n-heptane
molecules and walls as a function of slit size and temperature.

To elucidate the underlying reasons for the observed phe-
nomenon, Fig. 9 analyzes the variation in interaction energy
between n-heptane and the quartz wall surface across different
slit sizes under five distinct temperature conditions. The results
shows that the interaction energy between n-heptane and the
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Fig. 7. Density distribution curves of n-heptane in (a) 2 nm, (b) 3 nm,

at different temperatures.

quartz wall surface decreases with rising temperature. For
slit sizes greater than 6 nm, the interaction energy remains
relatively constant with varying slit sizes, and it increases
monotonically with decreasing slit sizes due to the superposi-
tion effect from both sides of the wall when slit size is smaller
than 6 nm. At low temperatures (below 303 K), the interaction
energy between n-heptane and the wall surface is significantly
enhanced, dominating the adsorption process. This results in
an increase in the peak size of the first adsorption layer with
decreasing slit size. Conversely, at high temperatures (above
323 K), the adsorption energy is low and thermal motion is
accelerated. Together, these factors result in the first adsorption
layer being minimally affected by the slit size, showing little
change with varying scale, as illustrated in Fig. 8(b).

-60 -40 -20 0 20 40 60
Distance/A

(c) 4 nm, (d) 6 nm, (e¢) 8 nm and (f) 10 nm quartz slits

3.4 Diffusion characterization of n-heptane
across varied temperatures and slit sizes

Throughout the simulation process, heptane molecules
exhibit erratic movement within the slit, primarily driven by
intermolecular interactions, rendering their diffusion behavior
highly susceptible to variations in temperature and slit size. In
investigations concerning shale oil adsorption properties, the
diffusion capacity of oil molecules is evaluated through the
diffusion coefficient. The diffusion coefficient D is calculated
using the following Eq. (2):

2
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peak density of the first adsorption layer.

where N, is the number of particles, r;(r) is the position of
particle j at time 7, Z’}":"l [rj(t) —rj(0)] is the mean square
displacement (MSD).

Fig. 10 presents the total diffusion coefficient of n-heptane
across various slit sizes at different temperatures. Observably,
at constant slit size, the total diffusion coefficient rises with
temperature as the temperature escalates from 283 to 363 K.
This phenomenon stems from the heightened thermal agitation
of n-heptane molecules at elevated temperatures, consequently
augmenting their diffusive behavior. The diffusion coefficient
escalates with enlarging slit size for sizes exceeding 6 nm.
Conversely, for sizes below 6 nm, the diffusion coefficient ex-
hibits a negligible trend with slit size at elevated temperatures
(323K-363K), and precipitously declines with diminishing slit
size at lower temperatures (below 303K), underscoring the
pronounced influence of size at low temperatures.
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Fig. 10. The variation curve of total diffusion coefficient of
n-heptane with slit size at different temperatures.

Figs. 11(a) and 11(b) show the diffusion coefficients of
n-heptane in the Z direction and X-Y plane at various tem-
peratures as a function of slit size. Analysis of Fig. 11(a)
reveals that in the Z direction, for slit sizes smaller than
6 nm, the diffusion coefficient remains very low, stabilizing
in the range of 0 to 2 X 10719 m2/s, with a slow increase
as the slit size increases, and temperature has no significant
effect. However, for slit sizes greater than or equal to 6 nm,
the diffusion coefficient in the Z direction rises rapidly to a
higher value and then increases more gradually, with a notable
increase as temperature rises. This indicates that the diffusion
coefficient in the Z direction is strongly influenced by the slit
size, with 6 nm serving as a critical threshold, while the effect
of temperature is relatively weak.

For Fig. 11(b), the diffusion coefficient in the X-Y plane
generally increases significantly with rising temperature, but
there is no clear pattern of variation with slit size. However, at
lower temperatures below 303 K, the diffusion coefficient in
the X-Y plane decreases progressively as slit size decreases,
especially for sizes below 6 nm, where it drops to a much
lower range. Therefore, for diffusion in the X-Y plane, it
can be concluded that the low temperature of 303 K induces
different trends in the diffusion coefficient, with a particularly
strong impact on diffusion for slit sizes smaller than 6 nm.

Analysis of the total diffusion coefficient involved a com-
bination of the diffusion coefficients in both the Z direction
and X-Y direction. It was observed that the total diffusion
coefficient exhibited an overall increase with rising temper-
ature. However, a pronounced nano confinement effect was
evident for the diffusion the Z direction, there is weak diffusion
occurred in the Z direction for slit sizes less than 6 nm.
The diffusion coefficient in the X-Y direction decreased with
decreasing slit size at low temperatures (below 303 K), the
especially for sizes below 6 nm, where it drops to a much
lower range. At elevated temperatures, the nano confinement
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effect became insignificant due to thermal motion in the X-Y
direction.

4. Conclusions

This study investigates the adsorption and diffusion char-
acteristics of n-heptane molecules in quartz nanoslits using
molecular dynamics simulations. The research focuses on
identifying the critical slit size and critical temperature for
adsorption and diffusion behavior under nano-confinement.
Through detailed analysis of the density distribution, absolute
adsorption capacity, peak density of the first adsorption layer,
interaction energy, and diffusion coefficients, the study has led
to the following key findings:

When the slit size exceeds 6 nm, both an adsorbed layer
and a free layer appear. The absolute adsorption capacity and
the peak density of the first adsorption layer are stable with
the increase of slit size, and only decrease with the increase
of temperature. When it is less than 6 nm, it is mainly the
adsorption area, the absolute adsorption capacity increases
significantly with the decrease in size. When the temperature
is lower than 303 K, the density of the first adsorption layer
increases as the size decreases. This trend is obvious because
the adsorption activation energy increases with the decrease of
temperature and size. When the temperature is higher than 303
K, the peak value of the first adsorption layer basically does
not change. This is because the thermal motion of molecules
intensifies as the temperature increases, which weakens this
nano confinement effect.

For slit sizes larger than 6 nm, the total diffusion coefficient
and the X-Y and Z-direction diffusion coefficients generally
increase with increasing slit size and temperature. For small
slit sizes (less than 6 nm), the Z-direction diffusion coefficient
is generally lower to zero. At low temperatures (303 K), the
total and X-Y diffusion coefficient decreases with decreasing
slit size due to the enhancement of nano-confinement effect at
low temperature. Above 303 K, the total diffusion coefficient

and the X-Y direction diffusion coefficient remain stable with
the size due to the thermal motion at high temperatures
weakens the size constraints.

This paper explores the critical size and critical temper-
ature for adsorption and diffusion within nano-confinement,
providing valuable insights for understanding the occurrence
mechanism and flow development of shale oil. Future research
can further explore the critical temperature and critical size for
the flow of actual shale oil within the kerogen system.
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