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ABSTRACT

Understanding the potential mechanisms of reservoir fluid storage, transport, and oil recovery in shale matrices requires an accurate and
quantitative evaluation of the fluid behavior and phase state characteristics of the confined fluid in nanopores as well as the elucidation of the
mechanisms within complex pore structures. The research to date has preliminary focused on the fluid behavior and its influencing factors
within a single nanopore morphology, with limited attention of the role of pore structures in controlling fluid behavior and a lack of
quantitative methods for characterizing the phase state of fluids. To address this gap, we utilize molecular dynamics simulations to examine
the phase state characteristics of confined fluids across various pore sizes and geometries, revealing the mechanisms by which wall boundary
conditions influence fluid behavior. We use the simulation results to validate the accuracy and applicability of the quantitative
characterization model for fluid phase state properties. Our findings show that the phase state features of fluids differ significantly between
slit-like and cylindrical pores, with lower absorption limits in pore sizes of 2.8 and 7 nm, respectively. Based on pore sizes, we identified three
regions of confined fluid phases and determined that the influence of the adsorbed state fraction on fluid phase state cannot be ignored for
pores smaller than approximately 85 nm. Additionally, cylindrical pores interact with the internal fluids about 1.8 times stronger than slit-like
pores.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0226864

NOMENCLATURE
Am Pore specific surface area, nm2

ca Adsorption capacity per unit area, mg/m2

dm Pore diameter, nm
F Correction coefficient for pore geometry, dimensionless
H Mean adsorption thickness, nm

n Mean adsorption layer number in pores coexisting with the
adsorbed and free phases, dimensionless

Qa Adsorption amount per unit weight rock, mg/g
Qf Free amount per unit weight rock, mg/g

racyl Mass ratio of fluid adsorbed within a cylindrical pore with
given diameter, %

ram Mass ratio of fluid adsorbed within a pore with given diam-
eter, %

rasli Mass ratio of fluid adsorbed within a slit-like pore with
given diameter, %
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rasph Mass ratio of fluid adsorbed within a spherical pore with
given diameter, %

tai Mean monolayer adsorption thickness, nm
qa Mean density of adsorbed phase in pores, kg/m3

qali Mean density of the monolayer adsorption phase, kg/m3

qf Mean density of bulk phase in pores, kg/m3

qmass Mean mass density of the confined fluid within pores,
kg/m3

qnum Mean number density of the confined fluid within pores,
the number of molecules per cubic nanometer, nm3

rdf Discriminant function for adsorption layer number,
dimensionless

I. INTRODUCTION

Given the increasingly prominent contradiction between global
energy consumption and insufficient supply, the development of shale
oil reservoirs has garnered significant attention from both academic
and industrial sectors, being considered key to ensuring resource secu-
rity.1 Over the past decade, the United States has become the world’s
foremost producer of crude oil, primarily through the effective exploi-
tation of shale oil resources. In 2020, the production of marine shale
oil reached 747 � 106 tons.2 Inspired by the success of North
American shale oil development, shale reservoirs have attracted exten-
sive interest across the sector, emerging as a central area of inquiry in
the unconventional oil and gas domain.3–5 Although the scale of shale
oil exploration and development continues to expand, significant chal-
lenges persist, including low production from individual wells and a
rapid decline in output, making efficient development difficult. Recent
research indicates that nanoporous networks composed of clay miner-
als and spongy organic matter (OM) pores within organic-rich shales
constitute the primary storage spaces for fluids in shale reservoirs.6

Within the nanoscale pore network of shale, fluid–solid interactions
induce oil to exhibit different phase states (adsorbed and free states).
Nevertheless, inappropriate descriptions of the microscale confined
fluid phases and insufficient comprehension of the micro-mechanisms
can lead to inaccuracies in the assessment of shale oil reserves and
mobility. Therefore, a comprehensive understanding of the behavior of
nanoscale confined fluids in shale reservoirs is imperative for the
exploration and efficient development of shale oil.

It is observed that shale exhibits a wide range of pore sizes—from
nanometer-scale micropores to micrometer-scale or even larger mac-
ropores and microfractures—and complex, heterogeneous geometries,
forming both connected and disconnected local pore domain struc-
tures.7,8 Fluids confined within nanoscale pores exhibit complex
behaviors due to fluid–solid interactions, exceeding the behavior of
bulk phase fluids in larger pores. Although current studies have con-
ducted experimental research utilizing nanomaterials with specific
pore geometries, the behavior characteristics of nanoconfined fluids
and the precise determination of the lower limit of pore size for
adsorption states fluid still require further investigation.9 Given the
constraints imposed by the nanoscale, the preparation of nanoscale
experimental setups is not only time-consuming and expensive, but
accurately observing and measuring the behavior and flow of confined
fluids in synthetic nanoscale pore materials remains challenging. As a
result, relatively few experimental studies have been reported on the
behavior of confined fluids within the complex geometric pore net-
works of shale at the microscale.10,11

In the typical lacustrine shale formations of China, there is a
prevalent presence of clay minerals, such as montmorillonite, illite,
and kaolinite, with high concentrations typically reaching between 5
and 55%.6 These clay minerals are characterized by fine granularity, a
large specific surface area (approximately 800m2/g), and high chemical
reactivity at surface defect sites, which significantly enhances their
adsorption capabilities for metal ions and organic molecules.12,13

Although the clay minerals in shale reservoirs are predominantly com-
posed of illite and illite/smectite mixed layers, rock x-ray diffraction
analysis has revealed that the kaolinite content in certain continental
shales is also considerably high, comprising up to 28% of the total clay
content (Fig. S1, supplementary material). Kaolinite does not feature
isomorphic substitutions, like montmorillonite or illite, and as a result,
it does not have a permanent negative charge, and it does not swell.14

However, unlike other clay minerals, kaolinite features two surfaces—
one hydrophobic siloxane and another hydrophilic hydroxide. These
properties make kaolinite a unique and important contributor to the
formation, migration, and enrichment of shale oil.15 On the other
hand, the spongy pores within organic matter in shale constitute
another important hydrocarbon fluid storage space.16 Therefore, inves-
tigating the fluid behavior and adsorption mechanisms of organic
hydrocarbon molecules within the pore spaces of both clay minerals
and organic matter is key for elucidating the fluid distribution patterns
in shale reservoirs.

Pores comparable in size to the mean free path of fluid molecules
significantly affect the free thermal motion of the molecules, leading to
distinct behaviors and thermodynamic properties of confined fluids as
opposed to those of bulk phase fluids in larger pores.17–19 These factors
induce notable deviations in the behavior characteristics of fluids in
nanopores from those in bulk phases, primarily manifesting as uneven
density distributions of confined fluids,20,21 modifications in critical
properties and saturation points,22,23 reduced surface tension,24,25 and
decreased fluid viscosity.26,27 The phase state characteristics of fluids in
pores depend on the fugacity of fluid components in each phase,
assessed through phase equilibrium calculations typically derived from
equations of state (EOS). Thus, the accuracy of the EOS is crucial for
precisely assessing fluid phase state characteristics. Given the signifi-
cant deviations in the behavior of confined fluids compared to bulk
phases, modifications to the form or application methods of EOS are
necessary. Recently, several studies considering fluid–solid interactions
have proposed modified EOS to calculate the phase state characteristics
of fluids confined by pore size.28–30 Research indicates that as the pore
radius approaches infinity, all modified EOS simplify to classical EOS
expressions, suggesting that under large pore conditions, the phase
behavior of confined fluids aligns with that of bulk phase fluids.31

However, classical van der Waals theory-based methods previously
assumed a uniform confined fluid density and introduced an expres-
sion derived from maximum enclosure constraints to evaluate pore
size effects, contradicting the actual non-uniform density distributions
caused by fluid–solid interactions, failing to accurately reflect the phase
state characteristics of nanoconfined fluids under small pore condi-
tions. Moreover, using these modified EOS to simulate the behavior of
nanoconfined fluids in heterogeneous shales is challenging to validate
against molecular simulation results or experimental data.32 When
constructing equations to describe fluid phase state characteristics, fac-
tors such as differences in fluid–solid interactions, pore size distribu-
tion, and the geometric shapes of different pores in shale should be
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considered. As pore size increases, the behavior characteristics of
nanoconfined fluids gradually transition to those of bulk phase fluids,
emphasizing the importance of determining the pore size limit that
influences the behavior of confined fluids due to fluid–solid interac-
tions. Recently, some researchers have proposed quantitative equations
based on the theoretical derivation and volumetric methods to describe
the behavior characteristics of nanoconfined fluids, but key parameters
in existing models, such as adsorption thickness and the densities of
adsorbed and free states of fluids, are often difficult to obtain experi-
mentally.33 At the same time, verifying the fairness of these theoretical
equations within pores of different sizes and geometries remains a
challenge.30,34,35 Therefore, it is imperative to develop a quantitative
equation that accounts for fluid–solid interactions to describe the
behavior and phase state characteristics of confined fluids in nano-
pores, and to elucidate the mechanisms of influence by pore size and
pore geometry.

Molecular dynamics (MD) simulation methods are considered
an effective bridge between experimental phenomena and micro-
scopic mechanisms due to their ability to provide atomistic details to
chemicophysical processes.36 These methods provide an alternative
approach to study complex fluid–solid interactions at the nanoscale
and offer molecular-scale insights into their mechanisms of
action.37,38 Researchers have employed MD simulations to investigate
the behavior and adsorption characteristics of fluids in nanoconfined
pores. Existing studies have predominantly concentrated on the
effects of individual factors such as fluid components,39,40 external
environments,41 water content,42 and ion types,37,43,44 but there are
fewer systematic studies on the impact of pore size and geometry dif-
ferences in nanopores on fluid behavior. Moreover, due to challenges
in constructing complex models of solid walls interacting with
organic hydrocarbons, there is limited research on how differences in
pore wall properties and reservoir space structures affect the behavior
of nanoconfined fluids. The limitations of existing simulation studies
include the following: (i) The analysis of fluid–solid interactions is
generally based on qualitative assessments of molecular configura-
tions and density distributions, without employing quantitative meth-
ods to evaluate the behavior of nanoconfined fluids. (ii) The
substantial heterogeneity of shale reservoir has seldom been system-
atically examined in prior research, particularly concerning the
impact of nanopore size distribution and varying pore geometries on
the confined fluid behavior, phase characteristics, and underlying
microscopic mechanisms.

In this study, MD simulations were conducted to investigate the
adsorption behavior and microscopic mechanisms of interactions of
hydrocarbons within kaolinite pores and organic matter pores, each
characterized by distinct pore size distributions and geometries,
thereby addressing the limitations of prior research. We constructed
models of kaolinite slit pores with two (hydrophilic and hydrophobic)
exposed surfaces and organic carbon nanotube cylindrical pores with a
distribution of pore sizes. The primary objectives of this work are (i) to
quantify the adsorption behavior and interaction strengths between
the surfaces of kaolinite and carbon nanotubes and organic hydrocar-
bon fluids; (ii) to elucidate the effects of pore size distribution and
geometries of shale matrix pores on the behavior and phase state char-
acteristics of nanoconfined fluids; and (iii) to develop a mathematical
model based on MD simulations that accounts for the differences in
fluid–solid interactions, pore size distributions, and the variations in

geometries of different pores in shale, validating this model against
theoretical and volumetric methods.

II. METHODOLOGY
A. Quantitative estimation method of different phase
states content of confined fluid

1. Basic theory and assumption

Notwithstanding the complexity of shale pore structures, homo-
geneous pore configurations are frequently presumed in the course of
quantitative computations and model development.34 For example,
when performing quantitative pore structure characterization experi-
ments such as mercury injection capillary pressure or nitrogen adsorp-
tion tests to calculate the pore size distribution of shale, the pores are
frequently regarded as spherical pores to calculate the pore size by
pore volume,45,46 and in fluid flow modeling, spherical or cylindrical
pores are frequently employed as boundary conditions to analyze fluid
flow characteristics.30 Song and Chen et al. studied the Poiseuille flow
characteristics of simple fluids by simplification of the pores into cylin-
drical and slit-like pores and found that there is no appreciable differ-
ence between the fluid density distributions in different pore shapes
when flow–wall interaction is ignored.47 However, when flow–wall
interaction is taken into account, cylindrical pores have a higher fluid
absorption capacity than slit-like pores. Therefore, in this study, we
assumed that the predominant pore types of shale are slit-like pores
developed in inorganic minerals and cylindrical pores developed in
organic matter [Fig. 1(b)], and we developed a model to characterize
the phase states of hydrocarbon fluids in various pore structures under
the condition of flow–wall interaction.

Figure 1(a) depicts a shale matrix with a complex material com-
position in its macroscopic state, in which organic and inorganic min-
erals form a complex pore network and are distributed in a
combination. Previous researchers examined the adsorption behavior
of liquid alkanes in the nanoscale carbonaceous slits of shale using MD
simulations and found that the interaction between the pore surface
and the inner fluid is not negligible for the shale rich in nano-
pores.38,41,48 The interaction between the pore walls and the fluid
results in a non-uniform density distribution of the hydrocarbon flu-
ids, and the fluid density distribution curve reveals a distinct multilayer
adsorption feature [Fig. 1(c)]. Therefore, as illustrated in Fig. 1(b), the
phase states of the fluid inside the pore are mostly formed of adsorbed
and free states, as determined by the fluid’s density distribution.
Meanwhile, heavy alkanes, resins, and asphaltenes, which represent
heavy components, are more likely to be adsorbed near the pores’
walls, whereas light components and some aromatic hydrocarbons are
free within the pores’ inner region.49 Based on the aforementioned the-
ories and hypotheses, this study establishes a method for quantitatively
evaluating the phase state characteristics of hydrocarbon fluids in shale
based on MD simulations.

2. Hydrocarbon fluid adsorption parameters
calculation

In this study, the position of the adsorption layers along the pore
walls—including the adsorption thickness and the number of adsorp-
tion layers—is determined by the heterogeneous distribution of hydro-
carbon fluid density, which is affected by fluid–solid interactions
within confined spaces [Fig. 1(c)]. The position of these adsorption
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layers is crucial for calculating the adsorption parameters of hydrocar-
bon fluids. The calculation of the spatial density distribution of hydro-
carbon fluids in this study is shown in Sec. 2.1 of the supplementary
material. To quantitatively assess the adsorption layer thickness, this
study introduced a discriminant function, rdf, which is used to deter-
mine the position of the adsorption layer,

rdf ¼
qali � qf

qf
� 100%; (1)

where the qali and qf in Eq. (1) are determined based on calculations
from Eqs. (4) and (6) in the supplementary material, utilizing data
from the molecular number density distribution. A Li layer is classified
as an adsorption layer when the fluid density within Li undergoes a
fluctuation exceeding 2% compared to the bulk fluid density, that is,
the discriminant function rdf> 2%.

Based on the determination of the position of the adsorption
layers, the total adsorption thickness, H, of the hydrocarbon fluids can
be expressed by the following equation:

H ¼
Xn
i¼1

tai; (2)

where tai is the monolayer adsorption thickness, in nm; n is the num-
ber of adsorption layers, i¼ 1, 2,…, n. Previous studies have indicated
that the adsorption strength of organic hydrocarbon fluids by inor-
ganic minerals (such as clay) and organic matter (such as kerogen) is
primarily attributed to the surface area of the solid walls.50,51 Given
that simulations of liquid hydrocarbons rely on the bulk density to
determine the number of molecules loaded, and considering the vari-
ability in molecule numbers across different systems, comparing their
spatial density distributions can be challenging. Therefore, to more
accurately represent the strength of interactions between the solid walls
and the internal fluids, this study introduced the normalized density-

based adsorption per unit area, Ca, to characterize the adsorption capa-
bility of clay and organic matter walls toward organic hydrocarbon
fluids,

Ca ¼ ma

Am
¼

ðLii
Li

Am � qmassdL

Am
; (3)

where Am is the area of the solid wall surface, in m2; ma is the mass of
adsorbed molecules, in mg; Ca is the amount of adsorption per unit
area, mg/m2.

3. Quantitative characterization model of different
phase states of hydrocarbon fluids

Based on Eq. (3), the adsorption quantity per unit area of a spe-
cific solid wall for a confined fluid can be determined, enabling the cal-
culation of the fluid’s adsorption amount Qa as follows:

Qa ¼ Ap � Ca þ Cbð Þ; (4)

where Ca and Cb represent the adsorption per unit area of different
pore walls in the slit-like pore, in mg/m2, respectively. The free amount
of fluid in the pore at a given diameter can be determined using the
density of the fluid in its free state,

Qf ¼ qf � Vf ¼ qf � Ap dm � 2Hð Þ; (5)

where dm is the pore diameter, in nm. From Eqs. (4) and (5), the mass
ratio of fluid adsorbed in a pore of a certain diameter can be deter-
mined as

rasli ¼ Qa

Qa þ Qf
¼ Ca þ Cb

Ca þ Cbð Þ þ qf � dm � 2Hð Þ : (6)

FIG. 1. (a) Schematic diagram of the macroscopic shale matrix, which contains a complex distribution of inorganic minerals, organic matter (OM), and hydrocarbon fluids; (b)
regular slit-like pore and cylindrical pore model, with the dark component within the pore representing the adsorbed state and the light component representing free state fluids;
and (c) density distribution curve of hydrocarbon fluids.
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Assuming that the interaction between these two walls of the slit-
like pore for the internal fluid is identical, with Ca¼Cb, the adsorbed
mass ratio rasli can be calculated as

rasli ¼ Qa

Qa þ Qf
¼ 2Ca

2Ca þ qf � dm � 2Hð Þ : (7)

Building on the conclusions from previous research that the
interaction between solid pore walls and internal fluids is primarily
associated with the wall’s surface area,52 it has been determined that
slit pores exhibit the same adsorption per unit area as cylindrical and
spherical pores.47 Therefore, Eq. (7) can be extended to express the
adsorption mass ratio of fluids within cylindrical and spherical pores
of a specific diameter as follows:

racyl ¼
2Ca � prmhp

2Ca � prmhp þ qf � p rm � Hð Þ2hp

¼ 4dm �Ca

4dm�Ca þ qf � dm � 2Hð Þ2 ; (8)

rasph ¼ 4Ca � pr2m
4Ca � pr2m þ qf �

4
3
p rm �Hð Þ3

¼ 6d2m�Ca

6d2m �Ca þ qf � dm � 2Hð Þ3 :

(9)

Combining Eqs. (7)–(9) allows for the consolidation of the
adsorption mass ratio of fluids within pores of a given diameter into a
unified equation that quantitatively characterizes the different phase
state characteristics of hydrocarbon fluids. This unified equation can
be expressed as follows:

ram ¼ 2FCa � dF�1
m

2FCa � dF�1
m þ qf � dm � 2Hð ÞF ; (10)

where dm � 2H. As dm > 2H, it can be deduced that 0< ram < 1, sug-
gesting that the majority of fluids in the shale pores coexist in adsorbed
and free states. When dm ¼ 2H, the pore space is completely occupied
by adsorbed fluid and ram ¼ 1. F is the dimensionless corrections coef-
ficient for pore shape, where F¼ 1, 2, or 3 for slit-like, cylindrical, and
spherical pore geometries, respectively. By combining Eqs. (2) and (3),
Eq. (10) can be used to estimate the adsorption mass ratio of fluid
within a pore of a given diameter for various pore geometries. Based
on the calculated adsorption mass ratio, the adsorption volume ratio of
the fluid within the pore can be calculated as

rav ¼ Va

Vp
¼ ram � qf

ram � qf þ 1� ramð Þ � qa
: (11)

4. The diffusion coefficients

Mean squared displacement (MSD) defines the particle displace-
ment patterns within a system over time in dynamic simulations.
Specifically, it assists in discerning whether particles are diffusing
freely, transported, or restricted. The diffusion coefficient (D) of the
alkane molecule is based on the MSD determined from a coordinate
file of molecular trajectories after system equilibrium and then calcu-
lated using Einstein’s relation equation,

3D ¼ lim
t!1

1
2t

1
N
�
Xi¼1

N
ri tð Þ � ri 0ð Þ� �2� �

; (12)

where 3D represents the molecular diffusion coefficient in the three-
dimensional direction; D is the diffusion coefficient, 10�9 m2/s; ri(t) is
the coordinate of i molecules at simulation time t; and N is the total
number of molecules in the system.

5. Fluid–solid interaction energy

In the process of conducting MD simulations, we define energy
groups to analyze the non-bonded interaction energies between hydro-
carbon fluids and wall surfaces through a rerun of the trajectories.
Typically, only non-bonded interactions including van der Waals
forces (represented by the 12-6 Lennard–Jones potential) and long-
range Coulomb interactions are considered, as depicted by Eq. (13).
Initial simulations are conducted utilizing the particle mesh Ewald
(PME) method for periodic dynamical investigations to ensure the
accuracy of interaction energy computations. Subsequently, the cutoff
approach is utilized to calculate electrostatic interactions. The designa-
tion of energy groups is followed by a rerun of the simulation
trajectories,

Enonbond ¼
X

i
ECoul
i þ

X
j>i
ECoul
i;j þ

X
i
EVDW
i þ

X
j>i
EVDW
j>i ;

(13)

where i and j> i represent non-bonded intramolecular and intermo-
lecular interactions, respectively. This study focuses solely on the ener-
gies of intermolecular interactions, disregarding the intermolecular
interactions energy component. In particular, ECoul

i;j and EVDW
i;j repre-

sent the long-range intermolecular Coulomb and van der Waals inter-
action terms, respectively.

B. Molecular models with distinct pore geometries and
different pore diameters

In recent years, microscale image analyses of organic-rich shale
pore structures using high-resolution characterization techniques such
as field-emission scanning electron microscopy have revealed that the
microscale pore architecture of shale is intricate,53 developing highly
inhomogeneous pore systems comprised of pores with different geom-
etries, controlled primarily by the rich organic matter content and
multiple mineral compositions, ranging in size from nanometers to
micrometers.54 Despite the complexity of the pore geometry of shales,
previous research has determined that both marine and continental
shales are dominated by slit-like and cylindrical pores.6,16,55 Among
them, slit-like pores are predominantly developed in inorganic miner-
als such as clay minerals [Fig. 2(a), top], forming a pore network with
narrow, deformed slit-like pores that have been warped by burial
extrusion. Cylindrical pores [Fig. 2(a), bottom] are predominant in
organic materials (kerogen and asphaltene) and form a complicated
pore–throat network with a large pore space and narrow throats (ink
bottle-like). Therefore, in this study, slit and cylindrical pore models
based on inorganic minerals and organic matter as matrix walls are
constructed to evaluate the accuracy of the model and examine the
mechanism of hydrocarbon fluids under the restrictions of varied pore
diameters and pore geometries.
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The process of molecular modeling of slit-like and cylindrical
pores with varying pore diameters is depicted in Fig. 2. As indicated in
the top of Fig. 2(b), the inorganic mineral matrix used for this paper is
kaolinite, and the chemical formula of the kaolinite unit cell is
Al2Si2O5(OH)4, with the initial atomic coordinate positions obtained
from the AmericanMineralogist Crystal Structure Database.56 The peri-
odic replication supercell consists of two adjacent kaolinite sheets, each
of which is constructed of 252 unit cells (12� 7 � 3), with one side of
the mineral wall measuring approximately 6� 6 � 2nm3. In this
research, pore diameters are modified by adjusting the number of fluid
molecules within the pores under isothermal–isobaric ensemble condi-
tions (NPT ensemble), and associated slit pore parameters such as pore
diameter and molecule count can be found in the supplementary
material (Table S1). Despite the reality that kaolinite is not a substantial
component of the clay minerals in shale, the contact between this form
of clay and hydrocarbon fluids happens predominantly on several sides
of the particles or at the clay edges due to its unique 1:1 dioctahedral
phyllosilicate properties of non-swelling clay mineral, which has mini-
mal homogenous substitution and is not permanently charged.
Therefore, the choice of kaolinite as an inorganic mineral matrix can
limit the interference of surface charge and matrix swelling on the
results of studying the effect of molecular pore diameter and pore
geometry on the phase state of hydrocarbon fluid.57 It is important to
note that the upper and lower surfaces of kaolinite are quite distinct,
with the oxygen atoms of its aluminum trihydrate class being typically
terminated by oxygen atoms to form a layer of hydroxyl groups; hence

this class of aluminum trihydrate surfaces are called hydroxyl surface,
while the siloxane tetrahedral surfaces are called siloxane surface
[Fig. 2(a), top]. Due to electron polarization, although the overall net
charge of the kaolinite cell is zero, the siloxane and hydroxyl surfaces
have a slight net negative and positive charge, respectively (whereby this
polarization is implicitly captured by the partial charges on each atom,
according to the definition of the force field utilized in this paper).58,59

Carbon nanotubes generated by rolling graphene sheets were
selected as the matrix walls of organic matter in this study [Fig. 2(b),
bottom]. The molecular models of carbon nanotubes with different
chirality were created using the Nanotube Builder plug-in in the VMD
molecular visualization software,60 and the molecular models of cylin-
drical pores with different pore diameters were created independently,
while keeping the length of carbon nanotubes constant at 10nm. Due
to the rigid nature of carbon nanotubes, the NVT ensemble (isovolu-
metric isothermal ensemble) was selected for the simulation of cylin-
drical pores in this study. The walls of carbon nanotubes are fixed, and
Table I displays the properties of cylindrical pores and their internal
molecular numbers at different pore sizes. Although carbon nanotubes
are significantly different from the complex functional group structures
of real organic matter such as kerogen, their all-carbon composition
and smooth molecular wall surface can exclude other factors from
influencing the phase state characteristics of the internal confined fluid
other than pore diameter and pore geometry.61 Both slit pore and
cylindrical pore models employ periodic boundary conditions in the
three-dimensional direction to achieve greater consistency between the

FIG. 2. Schematic diagram of molecular modeling of slit-like and cylindrical pores. (a) Slit-like pores formed by clay minerals (kaolinite) in continental shale and cylindrical pores
developed within the organic matter (carbon nanotube) in marine shale captured by FE-SEM; (b) matrix cell model of clay minerals (top) and single-layer carbon nanotubes
obtained by rolling graphene sheets (bottom); and (c) initial molecular model established in this manuscript includes slit-like pores of clay (top) with the octane system and cylin-
drical organic pores with the hexane system.
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microscopic simulation results and the macroscopic thermodynamic
properties. Despite the fact that petroleum is a complex mixture of sat-
urated hydrocarbons, aromatic hydrocarbons, resins, and asphaltenes,
only n-alkanes were used in this study to represent confined hydrocar-
bon fluids within shale pores in order to exclude the effects of other
factors [Fig. 2(c)], as previous research has demonstrated that the most
abundant component of crude oil is saturated hydrocarbons.50,62

N-octane and n-hexane were chosen to study the phase state character-
istics of fluids confined in slit pores and cylindrical pores, respectively.

In addition, because alkanes with six or more carbons are regarded as
entirely flexible, all alkanes within the pores retain their flexibility.63

Figure 2(c) depicts the initial molecular models of slit and cylindrical
pores and alkanes with varying pore diameters created in this study.

C. Simulation details andmodels

The MD simulations in this paper were all conducted using the
open-source molecular simulation software GROMACS 2018.8.64,65

TABLE I. Adsorption parameters of hydrocarbon fluids on kaolinite slit-like pores and carbon nanotube cylindrical pore walls with different pore diameters. dm is the pore diame-
ter; H is the total adsorption thickness; Ca is the amount of adsorption per unit area; qa is the average density of the adsorbed phase; qf is the average density of the free phase;
ram and rav are the mass and volume ratio of fluid adsorbed, respectively; Am/V is the pore surface area to volume ratio.

Pore types and loading fluids dm (nm) H (nm) Ca (mg/m2) qa (g/cm
3) qf (g/cm

3) ram (%) rav (%) Am/V

Kaolinite slit-like
(n-octane)

0.42 0.42 0.121 0.581 � � � 100.00 100.00 2.398
0.47 0.47 0.170 0.728 � � � 100.00 100.00 2.146
0.50 0.50 0.194 0.776 � � � 100.00 100.00 2.000
0.86 0.86 0.242 0.562 � � � 100.00 100.00 1.160
0.88 0.88 0.291 0.664 � � � 100.00 100.00 1.142
0.91 0.91 0.339 0.746 � � � 100.00 100.00 1.099
1.11 1.11 0.388 0.699 � � � 100.00 100.00 0.902
1.30 1.30 0.436 0.672 � � � 100.00 100.00 0.770
1.35 1.35 0.485 0.717 � � � 100.00 100.00 0.740
1.56 1.56 0.545 0.700 � � � 100.00 100.00 0.641
1.81 1.81 0.606 0.671 � � � 100.00 100.00 0.553
1.93 1.93 0.666 0.692 � � � 100.00 100.00 0.519
2.12 2.12 0.727 0.687 � � � 100.00 100.00 0.473
2.27 2.27 0.788 0.695 � � � 100.00 100.00 0.441
2.36 2.36 0.848 0.720 � � � 100.00 100.00 0.424
2.60 2.60 0.909 0.700 � � � 100.00 100.00 0.385
2.83 2.83 0.964 0.685 � � � 100.00 100.00 0.353
4.27 2.89 0.965 0.737 0.700 66.03 67.06 0.234
5.74 2.79 0.958 0.744 0.693 48.44 48.65 0.174
7.15 2.87 0.968 0.729 0.693 39.52 40.21 0.140
8.63 2.81 0.943 0.728 0.688 32.02 32.51 0.116
11.50 2.90 0.966 0.681 0.687 24.67 25.23 0.087
14.21 2.71 0.916 0.699 0.689 18.79 19.09 0.070

Carbon nanotube
cylindrical (n-hexane)

1.64 0.77 0.242 0.627 � � � 100.00 100.00 2.591
1.74 0.87 0.380 0.873 � � � 100.00 100.00 2.299
2.70 1.35 0.550 0.814 � � � 100.00 100.00 1.480
3.65 1.83 0.723 0.792 � � � 100.00 100.00 1.095
4.60 2.30 0.898 0.781 � � � 100.00 100.00 0.870
5.72 2.86 1.039 0.727 � � � 100.00 100.00 0.699
6.66 3.33 1.211 0.727 � � � 99.68 99.99 0.601
7.75 2.86 1.232 0.683 0.980 90.35 93.07 0.516
8.74 2.28 1.200 0.704 0.689 78.40 78.04 0.458
9.80 2.30 1.205 0.685 0.696 68.47 71.86 0.408
11.88 2.40 1.246 0.686 0.654 62.24 61.12 0.337
13.94 2.25 1.276 0.659 0.675 54.95 55.57 0.287

Graphene-slit-like (n-hexane) 10.05 3.53 1.218 0.691 0.635 36.08 35.09 0.099
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All simulations were performed using real-space particle mesh Ewald
(PME) electrostatics, with the van der Waals cutoff radius set to
1.2 nm based on the original force field parameters used for simula-
tions in this work.66 Each simulation was initiated using the energy
minimization algorithm of the steepest descent method, and conver-
gence was attained when the highest force on every atom in the system
was less than 100kJmol�1 nm�1. For slit-like pores, we performed
MD simulations in the NPT ensemble (T¼ 298 K, P¼ 0.1MPa) with
a 10ns equilibration period with 0.1 ps time step. By lowering the
energy state of the system, the equilibrium molecular configuration in
the energy stable state was reached, and the macroscopic thermody-
namic characteristics of the system were statistically assessed utilizing
the 5 ns molecular trajectories of the system after equilibrium. For the
cylindrical pores, we performed MD simulations using the NVT
ensemble at a constant temperature of 298K for the same duration as
for the slit pores. After system equilibration was reached, the final 5 ns
molecular trajectory file was also utilized for data analysis. During the
simulation, the system’s temperature and pressure were regulated by
the N�ose–Hoover thermostat and the Parrinello–Rahman barostat,
respectively.37 Notably, in this simulation, the nanotube matrix walls
are fixed to ensure a smooth and uniform surface, but this does not
affect the interaction with the internal hydrocarbon fluid.
Furthermore, both the clay mineral kaolinite matrix walls and the
hydrocarbon fluid retain their flexible properties. The convergence of
the simulation system determines the credibility and accuracy of the
simulation outcomes. Therefore, this study introduced the DynDen
method to consider changes in the spatial density distribution as a cri-
terion for assessing system convergence. The method details are shown
in Sec. 3.2 of the supplementary material.

The ClayFF67 and CHARMM3668,69 force fields were employed
to simulate the clay mineral kaolinite matrix wall surface and the con-
fined hydrocarbon molecules inside, while the CHARMM36 force field
was used to simulate carbon nanotubes and their internal hydrocarbon
molecules. Detailed force field parameters are collected in the
supplementary material (Tables S4 and S5). Previous research on the
coupling of these two force fields has demonstrated that the ClayFF
and CHARMM36 force fields can accurately reproduce the interaction
properties of hydrated mineral surfaces with organic molecules,
whereas the CHARMM36 force field can adequately characterize car-
bon nanotubes and their surface properties.70 Previous simulations
have demonstrated that the adsorption of molecules such as acetate
and ammonium to quartz surfaces assigned with CHARMM36 and
ClayFF are comparable to with both ab initiomolecular dynamics and
experimental x-ray reflectivity data.37,40,49,71 Quantity and length of
hydrogen bonding between organic molecules and mineral surface
matched DFT and XRF data within error. Lorentz–Berthelot mixing
rules for van der Waals contacts are used in both the CHARMM36
and ClayFF force fields and have been utilized to describe the intermo-
lecular organic matter–clay interactions.

Snapshots of molecular arrangement are generated with VMD
1.9.4 software, and the statistics of the number of molecules in distinct
phase states are written in TCL and calculated using VMD.60 The ther-
modynamic data of the simulated systems in this paper were gathered
using the GROMACS 2018.8 analytical tools and calculated with
MATLAB R2020b analysis. In the manuscript, the two-dimensional
(2D) density distribution of the confined fluid is based on the distribu-
tion characteristics of the time-averaged molecular mass density in the

two directions after reaching equilibrium. The data were generated
using MATLAB, following the export of information with the
GROMACS densmap.

III. RESULTS AND DISCUSSION
A. Density distribution andmolecular arrangement
characteristics of confined hydrocarbon fluids in pores
of different geometries

By comparing the one-dimensional (1D) and two-dimensional
(2D) density distributions and molecular arrangement of hydrocarbon
fluids in pores with varied sizes and geometries, we have analyzed the
characteristics of nano-confined hydrocarbon fluids. Figure 3 depicts
the 1D and 2D density distributions and molecular arrangement of
hydrocarbon fluids in slit-like pores with varying pore diameters.
Whereas the 1D density distribution of the fluid [Fig. 3(a)] is a contin-
uous mass density distribution of fluid molecules at 0.03 nm intervals
along the Z-direction of the vertical pore wall in accordance with Eq.
(S3) in the supplementary material, the spatial distribution properties
of the molecules within pores [Fig. 3(b)] provide a snapshot of the
equilibrated system. Figure 3(c) depicts the 2D density distribution
corresponding to the final frame snapshot of the molecule in Fig. 3(b).

As shown in the 1D density distribution in Fig. 3(a), the interac-
tion of the kaolinite with the internal hydrocarbon fluid produces a sig-
nificant oscillatory pattern in the mass density near the wall surface,
and this trend increases with decreasing pore diameter. At small pore
diameters (dm < 4 nm), the intermolecular affinity between the min-
eral and the fluid causes the internal space to be fully occupied by
adsorbed phase fluids, with no regions of free state fluids present.
When the pore diameter increases and bulk phase fluid appears in the
internal space, the bulk phase fluid mass density remains unchanged.
The mean value of 0.6914 g/cm3 for the bulk phase fluid density of slit-
like pores based on Eq. (S6) (in the supplementary material) was inde-
pendently calculated for the pore size range 4.266–14.211 nm, which is
in good agreement with the results independently predicted using the
National Institute of Standards and Technology (NIST) Chemistry
Webbook (0.6986 g/cm3),72 demonstrating the validity and accuracy of
the results of this simulation. Additionally, we discovered that the peak
adsorption density and the number of adsorbed layers decreased with
increasing pore size and stayed constant after the pore diameter
reached approximately 4 nm, which is consistent with earlier studies.41

Due to the complex composition of shale material and crude oil, the
interaction between different pore walls and different confined fluids is
significantly different. Furthermore, variations in formation tempera-
ture and pressure can lead to deviations in fluid–wall interactions, so
the lower limit of adsorption in slit pores can be affected by a number
of factors and vary slightly. The purpose of this study is to isolate the
effect of pore size and pore geometry on the internal restricted fluid
phase states; consequently, the previously listed factors will not be
discussed.

On the basis of the 2D density distribution of the confined fluid
in Fig. 3(c), the peak mass interval caused by the formation of an
adsorption layer on the solid wall can be identified. Due to fluid–wall
interactions, the fluid molecules form a regular “solid-like” adsorption
layer close to the pore wall. The fluid molecules within the adsorption
layer have a low energy steady-state characteristic distribution, and
their molecular diffusion capacity is low in comparison to the bulk
phase fluid.50 Moreover, as the pore diameter grows, the number of
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adsorption layers of the fluid contained internally rises in a stepwise
fashion. This indicates that the number of adsorption layers grows
from one layer to two layers when the pore size is less than 1.11 nm
[top of Fig. 3(c)] and from two layers to six layers (i.e., three adsorption
layers on one wall) when the pore size is around 4nm. As the pore size
continues to rise, the bulk phase fluid is generated, resulting in a con-
stant number of six adsorption layers on the pore wall. Consequently,
based on the preceding analysis, we hypothesize that the adsorption
layer of the confined fluid in the nanopore will form layer by layer as
the system reaches low energy steady-state and that the interaction
between the molecules of the adsorption layer and the wall surface will
gradually decrease as the distance to the center of the pore increases.
Due to the superposition effect of the contact between the walls and
the fluid on both sides, all fluid molecules are adsorbed into the pore
space when the pore size is tiny. The two-dimensional density distribu-
tion of fluid molecules in the 1.11nm pore diameter, as depicted in
Fig. 3(c), demonstrates that the superposition of fluid–wall interactions
results in a regular arrangement of fluid molecules, which is also
related to the lattice symmetry of the mineral walls.

Figure 4 illustrates the 1D and 2D density distributions and
molecular configuration features of hydrocarbon fluids within cylindri-
cal pores of various pore sizes. The 1D density distribution of the fluid
[Fig. 4(a)] is the continuous mass density distribution of fluid mole-
cules along the X-direction of the vertical cylindrical pore wall calcu-
lated using Eq. (S3) (in the supplementary material). As with the fluid
in the slit pore, there is a clear oscillatory feature in the density of the
fluid close to the wall. Unlike slit-like pores, the 1D density distribution
along the x-axis solely reveals the oscillatory characteristics of the fluid
in the cylindrical pore near the wall [Fig. 4(a)]. However, due to the

time-averaged molecular density being statistically assessed in a single
direction within a 3D box, a higher density is observed in the central
region of the pore compared to its proximity to the wall. Calculating
the 2D density distribution of the fluid inside the cylindrical pore
[Fig. 4(b)] reveals that the fluid forms a circle-like adsorption layer
near the walls and expands inward in a multilayered pattern. The
equilibrium configuration of the molecules also demonstrates that
the hydrocarbon molecules are aligned parallel to the pore walls,
forming a solid-like adsorption layer comparable to that within the
slit-like pores (Fig. 4). Since Eq. (S6) (in the supplementary material)
is based on the proposed 1D slit pore model, it cannot be used to
calculate the average density of fluids within cylindrical pores. Based
upon the simulations using post-equilibration molecular trajectory
data, this study calculates the average number of molecules in dis-
tinct phase states after equilibrium. By counting the number of free
molecules in the pore size range of 7.75–13.94 nm, the mean bulk
phase fluid density was calculated to be 0.6672 g/cm3, which is also
in good agreement with the results of the NIST Chemistry Webbook
(0.6606 g/cm3), demonstrating the accuracy of the cylindrical pore
simulation results.73 Moreover, to compare the difference in the
phase state of the fluid in the slit pore under the same wall condi-
tions, the phase state characteristics of the fluid in the slit pore under
the same graphene wall conditions were simulated in this research
[Fig. 4(a), slit pore]. It is noteworthy that we compared the differ-
ences in the impact of graphene and kaolinite slit pores on the
behavior of saturated hydrocarbon fluids, showing that the wall
material has a relatively minor effect on the adsorption characteristics
of internal hydrocarbon molecules. For detailed comparisons, see
Sec. 5 in the supplementary material.

FIG. 3. 1D and 2D density distributions of octane in kaolinite slit-like pores of different pore sizes and molecular arrangement characteristics within the pores. (a) 1D mass den-
sity distribution of octane in different pore sizes, the legend indicates the pore size associated with the fluid density curves; (b) snapshot of the equilibrium molecular configura-
tion of octane, where cyan represents the carbon atoms of n-octane, with hydrogen atoms omitted to more clearly visualize the distribution characteristics of octane near the
clay surfaces; and (c) 2D density in y–z-direction distribution of octane corresponding to the snapshots of molecular configurations.
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The 2D density distribution of the fluid demonstrates that the flu-
id’s behavior in the cylindrical pore differs significantly from that in
the slit-like pore [Fig. 4(b)]. When the pore diameter is smaller than
7nm, the number of adsorption layers grows as pore size increases,
reaching a maximum of 7 nm and a total of seven layers. The number
of adsorbed layers reduces with the appearance of free state fluid when
the pore size is greater than 7nm, but it remains constant at five layers
after the pore size reaches 9 nm. Moreover, for cylindrical pores, the
fluid is completely adsorbed when the pore size reaches approximately
7 nm, which is nearly double that of slit pores. This implies that with
cylindrical pores, the fluid has a greater interaction with the solid walls
than it does with slit pores and that the influence of the pore wall
geometry is not negligible. In Sec. IIID, we will discuss the mechanics
underlying this phenomenon.

B. Phase state characteristics of confined hydrocarbon
fluids in pores of different geometries

The fluid phase state characteristics for various equilibrium config-
urations of the system were computed by extracting the mass density
distribution of confined fluids in slit pores and cylindrical pores of vary-
ing pore sizes, as shown in Table I. Comparing the adsorption capacity
per unit area (Cad) of confined fluid in various pore geometries and
pore sizes (green dotted line in Fig. 5) reveals that the Cad of confined
fluid in slit-like pores tends to grow and then remain constant as the
pore size increases. When the pore size is smaller than 2.8 nm, the Cad

of the mineral wall surface grows rapidly to 0.96mg/m2, while the
hydrocarbon fluids are completely distributed in the interior region of

the pores in a laminar adsorption state, with the adsorption layer
increasing from 1 to 6 layers gradually [Fig. 5(a), bottom right]. Cad of
the mineral pore wall to the internal fluid is essentially constant, averag-
ing 0.953mg/m2, as the pore size increases above 2.8 nm. This implies
that the interaction of clay mineral walls with hydrocarbon fluids in this
study is concentrated around 1.4 nm from the wall’s surface, whereas
the minimum adsorption pore diameter for mineral slit pores is 2.8 nm.

As seen in the red dotted line in Fig. 5(a), the Cad of the cylindri-
cal pore wall for the fluid contained within the pore tends to increase
rapidly at pore diameters less than 7nm, with a swift rise from 0.242 to
1.211mg/m2. Once the pore size is more than 7nm, the amount of
hydrocarbon fluid adsorbed per unit area of the wall tends to increase
slowly as the pore size increases, reaching roughly 1.276mg/m2 when
the pore diameter approaches 14 nm. Consequently, the wall surface
interaction with confined fluids can extend to a maximum of 3.5nm
near the wall surface for cylindrical pores, while the lower limit adsorp-
tion pore diameter can approach 7 nm. Since the specific surface area
of cylindrical pores of the same length increases as pore size increases,
resulting in more adsorption sites on the walls, their hydrocarbon
adsorption capacity per unit area does not remain constant but gradu-
ally increases after reaching the lower limit of adsorption.

The thickness of the fluid adsorbed on the pore wall is a crucial
parameter for quantitatively describing the phase states of the fluid at
the nanoscale and is required by a variety of quantitative characteriza-
tion methods, including theoretical and volumetric methods, in order
to introduce an interaction parameter for the pore wall with the fluid.
As shown in Fig. 5(b) and Table I, the fluctuation of adsorption thick-
ness (H) within slit-like and cylindrical pores with varied pore

FIG. 4. 1D and 2D density distributions and molecular arrangement characteristics of hexane within carbon nanotube cylindrical pores of different pore diameters. (a) 1D mass
density distribution of hexane in the X-direction of the box, the legend indicates the pore size associated with the fluid density curves; (b) snapshots of equilibrium molecular
configurations (cyan for n-hexane) of hydrocarbon fluids in different pore diameters and the corresponding 2D density in XY-direction distribution of fluids.
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diameters was separately estimated in this study. For slit pores, it can
be observed that the H of the wall surface to the internal fluid fol-
lows the same pattern as the Cad [Fig. 5(b), blue dotted line]. When
the pore size was increased up to 2.8 nm, H rose from 0.42 to
2.83nm. The adsorption thickness remained constant as the pore
size increased, and the average adsorption thickness after the pore
size exceeded the lower limit of adsorption was 2.83 nm. For cylindri-
cal pores, the adsorption thickness of the wall increases with increas-
ing pore size for pore diameters less than 7nm [red dashed line in
Fig. 5(b)], and the number of adsorption layers progressively
increases from two to seven layers. When the pore size approaches
7 nm, the fluid inside the pore occurs in a circle-like adsorption pat-
tern [lower right corner of Fig. 5(b)] with an adsorption thickness of
3.35nm. As the pore diameter of the cylindrical pores continued to
rise, free hydrocarbons were gradually present within the center of
the cylindrical pores, resulting in a reduction of the adsorption layer
from seven to five layers. Therefore, the wall thickness of the
adsorbed fluid decreases once the pore diameter exceeds 7 nm and
remains constant after the pore diameter reaches roughly 9 nm, with
an average adsorption thickness of 2.31nm.

Analyzing the relationship between H and Cad for different pore
sizes in slit-like pores revealed a clear linear correlation [Fig. 5(d)],
indicating that the wall Cad parameters proposed in this paper have
the same implications as the wall adsorbed fluid thickness both can
reflect the interaction strength of the wall surface to the pore-confined
fluid at the microscopic scale. As depicted by the red dots in Fig. 5(d),
Cad exhibits a linear relationship with H when the pore size is smaller
than the lower limit of adsorption for cylindrical pores. Nonetheless, as
the pore size of the cylindrical pore increases, the correlation between
Cad and H diminishes. This occurs because the adsorption thickness of
the cylindrical pore slightly decreases and then stabilizes when the

pore size exceeds the lower limit of adsorption, and the adsorption
capacity of its pore wall for the fluid experiences minor alterations.

To quantitatively characterize the phase state characteristics of
hydrocarbon fluids in slit pores and cylindrical pores of various pore
sizes, molecular trajectory files of the equilibrium MD simulation sys-
tem were obtained, and the number of molecules occurring in the
adsorbed and free states was separately calculated. To quantify the
adsorbed mass ratio of the confined fluid within the different pore
diameters, the ratio of adsorbed molecules to the total number of
hydrocarbon molecules in the system was calculated, and the results
are displayed in Fig. 5(c) and Table I. Once the pore size approaches
the lower limit of adsorption, the relative fraction of fluid mass
adsorbed within the two pore geometries falls exponentially with
increasing pore size. For the same pore diameter, the amount of fluid
adsorbed in cylindrical pores was substantially more than in slit-like
pores. Table I presents the fluid behavior parameters of hydrocarbon
fluids in the slit pores of 10.05nm-diameter graphene. A comparison
with the slit pores of the mineral walls reveals that the interaction of
hydrocarbon fluids within the graphene walls is marginally greater
than that of the clay mineral walls, and that the Cad and H of the gra-
phene walls were approximately 1.2 times greater than those of the
mineral walls. However, the lower limit pore diameter for adsorption
varied by a factor of around 2.5 depending on pore shape. This sug-
gests that, at the nanoscale, the influence of pore geometry on the
phase state of the fluid within the pore is far greater than the influence
of the interaction between the various pore walls on the fluid.

C. Estimation methods validation and quantitative
evaluation of nano-confined fluid phase states

A quantitative evaluation model was established to characterize
the phase state characteristics of fluids confined within nanoscale

FIG. 5. Analysis of the fluid behavior
inside slit pores (octane) and cylindrical
pores (hexane) with different pore diame-
ters. (a) Variation of Cad of the fluid on the
walls with pore diameter; (b) variation of
the adsorption thickness of the fluid on the
walls with pore diameter; (c) variation of
the adsorption mass fraction of the fluid
on the walls with pore diameter; and (d)
relationship between Cad and adsorption
thickness of the fluid for different pore
diameters, where red dots and yellow
squares represent cylindrical pore data.
Red dots correspond to pore diameters
smaller than the lower limit of adsorption,
while yellow squares represent pore diam-
eters greater than this limit.
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pores. The adsorbed and free state mass ratios estimated from MD
simulations of fluids in slit and cylindrical pore systems were com-
pared with the results calculated by Eq. (10), and the results of both
computations are depicted in Fig. 6. Notably, in order to ensure consis-
tency between the fluid behavior parameters calculated from MD sim-
ulations based on different pore walls and the model, the parameters
corresponding to slit-like pores were derived from the simulation
results of mineral pores with a pore diameter of 8.63 nm. In addition,
the parameters corresponding to cylindrical pores were derived from
simulation results of slit-like pores on graphene walls with a pore size
of 10.05nm and calculated using the version of cylindrical pores
according to Eq. (10). To evaluate the accuracy and applicability of the
results of various models, the volumetric and theoretical method
results were calculated using Eqs. (S7)–(S10) (in the supplementary
material) with identical fluid behavior parameters, respectively.

As illustrated by the complete overlap of the distribution curves
of the adsorbed and free fluid mass ratios against pore diameter calcu-
lated by the three methods, shown in Fig. 6(a), the model proposed
here is in complete agreement with the volumetric and theoretical
methods for the evaluation of the phase states of nano-confined fluids.
In addition, the results for the mass ratio of adsorbed and free fluid
based on the trajectory file after equilibration of the MD simulation
system are in strong agreement with the evaluation results of the three
methods [Fig. 6(a), spherical and triangular points], confirming that all
three methods accurately characterize the phase states of the fluid
within the slit-like pores at different pore diameters. In the case of
cylindrical pores, the evaluation of fluid phase states using the three
models is influenced by the variance in pore geometry [Fig. 6(b)]. Due
to the utility of molecular simulations in describing microscopic ther-
modynamic changes,36 the mass ratios of adsorbed and free fluid based
on the trajectory file of the equilibrated system are deemed accurate
here. Comparing the results of the MD simulation with those of the
model calculation reveals that the theoretical method agreed better
with the simulation results, indicating that it was more applicable than
the volumetric method and the model method for characterizing the
confined fluid behavior within the cylindrical pore space. As observed
from the derivation of Eqs. (S8) and (S10) (in the supplementary
material), the lower limit of the adsorption pore diameter for both the
volumetric and model methods is twice the thickness of the fluid
adsorbed at the wall when all the fluid in the pore is adsorbed, i.e., 2H.

Since simulation results for slit pores are used for the fluid behavior
parameters, the lower limit of the adsorption pore diameter obtained
by these two methods is unaffected by the pore geometry. For the theo-
retical method, on the other hand, the lower limit of the adsorption
pore size is sH, and the thickness of the fluid adsorbed corresponding
to the different geometry of the walls is corrected by introducing a
pore shape factor s, so that its calculation results match better with
those of the MD simulation. Comparing the deviations of the distribu-
tion curves of the fluid phase states calculated by the three methods
reveals that the model proposed in this paper begins to deviate from
the theoretical method when the pore size is less than 20nm, indicat-
ing that the proportion of fluid adsorption calculated by the model is
small for the same pore diameter in this pore range. The volumetric
method deviates from 35nm and achieves the lowest adsorption ratios
for fluids contained within the cylindrical pores. On the basis of the
preceding analysis, it is possible to conclude that the fluid behavior
parameters obtained from the MD simulations in conjunction with the
quantitative evaluation model proposed in this study can adequately
characterize the fluid phase states in slit pores with different pore
diameters. In the case of cylindrical pores, the results of the MD simu-
lation can be substituted into the theoretical method [Eq. (S10) in the
supplementary material] to estimate the fluid phase states features of
confined fluids.

Based on the validated model and molecular dynamics simulation
results for slit-like pore systems in clay (kaolinite) minerals, we charac-
terized the fluid phase state distribution as a function of pore diameter
across different pore geometries (Fig. 7). It should be noted that this
calculation employs MD-simulated data of octane within kaolinite slit-
like pores, which is influenced by various factors such as pore wall
composition, fluid fraction, and external environment (temperature
and pressure). These factors are not discussed in this paper, as they are
not relevant to the subject matter of this paper. As indicated by the
model calculations, as the pore size increased, the proportion of
adsorbed fluids reduced rapidly, while free state fluids emerge and
occupy the bulk of the pore space (Fig. 7). When the pore size was low-
ered to a diameter comparable to the adsorption thickness, the mass
ratio of the fluid adsorbed within the pore space reached 1. At this
moment, all fluids confined within a pore are in an adsorbed state, and
the fluid mobility is negligible. Therefore, the pore size of the slit pores
can be regarded as the lower limit of adsorption, which corresponds to

FIG. 6. Variation of the mass ratios of fluids in the adsorbed and free states in slit and cylindrical pores with logarithmic pore diameter. (a) Variation of the octane’s mass ratio
in the slit pore with pore diameter; (b) variation of the hexane’s mass ratio in the cylindrical pore with pore diameter. Th-Ad, Vo-Ad, and MD-Ad represent the mass ratios of
adsorbed fluids based on theoretical, volumetric, and model methods, respectively; Th-Fr, Vo-Fr, and MD-Fr represent the mass ratios of free fluids based on the three meth-
ods; Molnum-Ad and Molnum-Fr represent the mass ratios of adsorbed and free hydrocarbon molecules based on MD simulation trajectory files.
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2.8 nm of the lower limit of hydrocarbon fluid adsorption inside the
pores of kaolinite used in this study, which is consistent with the
parameters calculated by Li et al. based on the experimentally obtained
data.35 The lower limits of adsorption for alkane fluids in cylindrical
and spherical pores are 5.6 and 8.4 nm, respectively. Previous studies
indicate that the minimum throat (which may be viewed as a cylindri-
cal pore) pore size for shale that permits shale oil penetration is
approximately 20nm.9 There is a discrepancy with the lower limit of
adsorption for cylindrical pores calculated in this study, but it should
be noted that this parameter is a theoretical conclusion for the adsorp-
tion of a single alkane fluid on a smooth wall at the molecular scale.
The transition from slit to spherical wall geometry increases the lower
limit of adsorption pore size significantly, indicating that the complex-
ity of the pore structure increases this threshold, which is also influ-
enced by a number of other variables, such as formation temperature
and pressure conditions, fluid composition, and pore wall properties.

Based on the quantitative evaluation of the phase states of fluids
within pores of various geometries and compositions, we classified the
fluids confined by solid walls into three regions, as depicted in Fig. 7.
The region closest to the solid wall is designated as the fully adsorbed
region (dm > 8.4 nm), where it is expected that the fluid interacts most
strongly with the solid wall and associated strongly bound layers of
organic molecules and is distributed in an adsorbed state in the pore
space with almost negligible mobility. As the pore size increases, the
interaction between the fluid at the center of the pore and the pore
wall weakens and the fluid in its free state gradually emerges. This
region is distinguished as the pore wall’s strong influence region
(8.4 nm < dm � 85 nm). Since the mass ratio of the adsorbed fluid to
flowing fluid in this region is larger than 10%, the adsorbed fluid frac-
tion cannot be neglected, and the flow capacity of the fluid confined in
the pore grows rapidly with increasing pore diameter. As the pore size
continues to expand, the mass ratio of the wall-to-fluid interaction
fraction falls below 10%, and we define this region as the pore wall’s
weak influence region (dm > 85 nm). At this time, the influence of
flow–wall interactions on the internal fluid behavior can be disre-
garded as the fluid is predominantly in the free state. Comparing the

results of the theoretical and modeling methods based on the same
parameters [Figs. 7(a) and 7(b)], we discovered that the model pro-
posed in this paper only deviates from the lower limit of adsorption
influenced by the pore geometry but is in complete agreement with the
theoretical method in determining the range of the wall strength influ-
ence zone. Consequently, both methods permit a quantitative evalua-
tion of the phase states of fluids within nanopores.

D. Mechanism of the effect of pore diameter and pore
geometry on nano-confined fluid phase state

To elucidate the mechanism by which various pore geometries
and pore diameters contribute to the nano-confined fluid, the diffusion
coefficient of the fluid and the interaction energy of the solid wall sur-
face with the fluid were separately estimated using MD simulations
(Table II). Figures 8(a) and 8(b) show the estimated diffusion coeffi-
cients for hydrocarbon fluids in kaolinite slit-like pores and carbon
nanotube cylindrical pores, respectively. It can be observed that the dif-
fusion coefficients of the fluids within both pore shapes increase line-
arly with increasing pore diameter, indicating that the flow capacity of
the fluids increases with increasing pore diameter. This result supports
the quantitative evaluation of the confined fluid phase state character-
istics in Sec. IIIC. Comparing the diffusion coefficients of fluids
between the two pore geometries reveals that the diffusion coefficient
of fluids within slit pores was not zero even when the pore size is
decreased to a very small aperture (Table II). As shown in Fig. 8(a),
once the pore size approached 2.8nm, the diffusion coefficient of
the fully adsorbed fluid molecules fluctuated in the range 0.002
� 10�9–1.165� 10�9 m2/s, showing that the fluid molecules within
the slit pore continue to move in a small range while being in an
adsorbed state. The diffusion coefficient of the fluid within the cylin-
drical pore fell to 0.016� 10�9 m2/s when the pore diameter reached
1.74 nm (Table II), and the linear fitting equation enables us to deter-
mined that the internal fluid diffusion coefficient was zero when the
pore diameter reached 0. 37nm [Fig. 8(b)]. As the pore walls of cylin-
drical pores interact substantially more with the internal fluids than
those of slit pores, the diffusion coefficient of the confined fluids within

FIG. 7. The phase states of fluid (octane) vary with the logarithm of the pore diameter in kaolinite pores of three distinct pore shapes. (a) Variation of fluid phase state character-
istics with pore diameter according to the theoretical approach; (b) variation of fluid phase state characteristics with pore diameter according to the model. Ad_Slit, Ad_Cyl, and
Ad_Sph represent the ratio of adsorbed mass in the slit, cylindrical and spherical pores, respectively, and Fr_Slit, Fr_Cyl, and Fr_Sph represent the ratio of free mass in the
three shapes, respectively.
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cylindrical pores is lower than that of slit pores. The comparison of
hydrocarbon fluid parameters in clay mineral and graphene slit pores
obtained from MD simulations (Table I) reveals that the effect of wall
composition on internal fluid phase states is relatively minor compared
to the influence of wall geometry. Therefore, it can be predicted that
the complexity of the pore geometry drastically limits the degree of
internal fluid mobility, and for shales, the slit pores of clay minerals
have a greater degree of fluid mobility than the organic pores of the
cylindrical throat and ink bottle type pore.

Intermolecular interaction forces are the primary cause of non-
ideal gas behavior, solution phenomena, and phase transition activities,

the calculation method of interaction energy is shown in Sec. IIA 5.
There are numerous forms of intermolecular interactions for the non-
polar molecular system utilized in this study, though van der Waals
interactions dominate, with a limited degree of electrostatic interac-
tions due to the relatively low electric charge on the surface of the kao-
linite (Table II). The interaction energy of the pore wall surface for the
internal fluid has been determined here by MD simulations for differ-
ent geometries and pore sizes, and its fluctuation with pore diameter is
depicted in Figs. 8(c) and 8(d). As seen in Fig. 8, as the pore size
decreased, the interaction energy between the wall and the internal
fluid increased, which explains the progressive transition of the

TABLE II. Diffusion coefficients and interaction energy parameters of hydrocarbon fluids in pores of different pore diameters and geometries. dm is the pore diameter; D is self-
diffusion coefficient; ECoul and EVDW represent the long-range intermolecular Coulomb and van der Waals interaction terms, respectively. Values in brackets give the standard
error as obtained by evaluating outcomes of parallel simulations for different hydrocarbon components.

Pore types and loading fluids dm (nm) D (10�9 m2/s) ECoul (kcal/mol) EVDW (kcal/mol) Enon-bonded (kcal/mol)

Kaolinite slit-like (n-octane)

0.42 0.581 �9.77 (60.82) �68.67 (60.81) �78.44 (61.12)
0.47 0.003 �8.90 (60.50) �66.21 (60.55) �75.11 (61.05)
0.50 0.002 �7.60 (60.38) �60.54 (60.45) �68.14 (60.83)
0.86 1.165 �3.97 (60.19) �33.97 (60.73) �37.94 (60.92)
0.88 0.639 �3.81 (60.29) �33.98 (60.39) �37.78 (60.78)
0.91 0.096 �3.63 (60.36) �33.36 (60.46) �36.99 (60.82)
1.11 0.053 �2.86 (60.40) �25.96 (60.85) �28.82 (61.26)
1.30 0.620 �2.36 (60.40) �21.56 (60.28) �23.92 (60.79)
1.35 0.402 �2.28 (60.45) �21.27 (60.43) �23.56 (60.85)
1.56 0.317 �2.01 (60.56) �18.06 (60.50) �20.07 (60.91)
1.81 1.011 �1.68 (60.21) �15.59 (60.41) �17.27 (60.62)
1.93 0.561 �1.57 (60.68) �14.55 (60.98) �16.12 (60.97)
2.12 0.806 �1.38 (60.46) �12.68 (60.63) �14.06 (61.10)
2.27 0.811 �1.28 (60.52) �11.92 (60.42) �13.20 (60.95)
2.36 0.399 �1.24 (60.80) �11.74 (60.66) �12.98 (61.12)
2.60 0.562 �1.11 (60.59) �10.47 (60.81) �11.58 (61.35)
2.83 0.911 �1.03 (60.21) �9.53 (60.55) �10.56 (60.76)
4.27 1.237 �0.68 (60.46) �6.21 (60.45) �6.89 (60.92)
5.74 1.529 �0.50 (60.68) �4.63 (60.73) �5.13 (61.35)
7.15 1.519 �0.40 (60.52) �3.68 (60.39) �4.08 (60.91)
8.63 1.649 �0.34 (60.56) �3.09 (60.46) �3.43 (61.02)
11.50 1.912 �0.26 (60.80) �2.32 (60.85) �2.57 (61.56)
14.21 1.786 �0.20 (60.21) �1.84 (60.28) �2.04 (60.49)

Carbon nanotube
cylindrical (n-hexane)

1.64 0.000 � � � �40.84 (60.81) �40.84 (60.81)
1.74 0.016 � � � �37.45 (60.55) �37.45 (60.55)
2.70 0.129 � � � �26.27 (60.45) �26.27 (60.45)
3.65 0.225 � � � �19.46 (60.73) �19.46 (60.73)
4.60 0.309 � � � �15.47 (60.39) �15.47 (60.39)
5.72 0.713 � � � �12.80 (60.46) �12.80 (60.46)
6.66 0.800 � � � �10.92 (60.85) �10.92 (60.85)
7.75 1.050 � � � �9.57 (60.28) �9.57 (60.28)
8.74 1.197 � � � �8.45 (60.43) �8.45 (60.43)
9.80 1.443 � � � �7.56 (60.50) �7.56 (60.50)
11.88 1.886 � � � �6.26 (60.41) �6.26 (60.41)
13.94 2.100 � � � �5.37 (60.98) �5.37 (60.98)
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nano-confined fluid from a free state to an adsorbed one. For both
walls, the interaction with the internal fluid is dominated by van der
Waals interactions, with a small amount of electrostatic interaction
between the clay mineral and the fluid due to a small charge on the
wall surface [Fig. 8(c)], whereas for non-polar carbon nanotubes, the
interaction with the fluid is entirely dominated by van der Waals inter-
actions [Fig. 8(d)]. In addition, the interaction energy between the
10.05 nm graphene wall and the interior fluid was predicted to be
�4.338 kJ/mol based on the van der Waals interaction energy. The
interaction energy between carbon nanotubes with a pore diameter of
9.8 nm and the internal fluid was found to be 1.8 times greater for
cylindrical pores than for slit-like pores, which is similar with the
results of Wang et al. and thus verifies Sec. IIIC findings.41

Figure 9(a) depicts the characteristics of the phase state distribu-
tion of nano-confined fluids derived fromMD simulation results based
on fluid molecules within pore systems with varying pore diameters
and geometries. When the pore size of slit-like pores is smaller than
the lower limit of adsorption, the fluid is arranged in layers of adsorp-
tion states within the pore space. When the pore size is less than the
lower limit of adsorption, the adsorption layer is formed incrementally
as the pore size increases, the pore wall adsorption site is filled with

fluid molecules prior to the formation of the second layer, and so on
until the pore size reaches the lower limit of adsorption, at which point
the number of adsorption layers ceases to increase and remains con-
stant. Moreover, the pore wall generates a solid-like adsorption layer
that mimics an extension of the wall, resulting in multilayer adsorption
within the fluid. When the pore diameter of the cylindrical pore was
less than the lower limit of adsorption, the fluid molecules were distrib-
uted in a circle-like adsorption state parallel to the pore wall. The
adsorption layer formed incrementally as the pore diameter increased,
and the number of layers reached its maximum when the pore diame-
ter reached the lower limit of adsorption. In cylindrical pores, unlike
slit pores, the number of adsorbed layers declined and remained con-
stant when free fluid emerged in the center of the pore region.

By more closely studying the equilibrium configuration of fluid
molecules near mineral walls, it was discovered that fluid molecules
near the walls exhibited a distinct triple layer adsorption characteristic
[Fig. 9(b)]. Vertical snapshots of the molecular configurations were
extracted on the first and third adsorption layers and showed that the
molecules in the first adsorption layer were aligned parallel to the solid
wall due to the strongest interaction with the wall, and the parallel
arrangement of molecules had certain preferred alignment

FIG. 8. Diffusion coefficients and wall interaction energy of fluids in pores of different geometries as a function of pore diameter. (a) Diffusion coefficients of octane in slit-like
pores as a function of pore diameter; (b) diffusion coefficients of hexane in cylindrical pores as a function of pore diameter; (c) interaction energy of kaolinite slit-like pore walls
on internal fluids; and (d) interaction energy of carbon nanotube cylindrical pore walls on internal fluids; where electrostatic and VDW represent electrostatic interaction energy
and van der Waals interaction energy, respectively.
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characteristics owing to the lattice features of the underlying mineral
surface lattice. In the third adsorption layer, the molecular arrange-
ment displays a heterogeneous distribution and an abundance of mole-
cules crossing between different adsorption layers. Even though the
fluid molecules are scattered in the pore space in both the adsorbed
and free states, there is still interconversion between the two states, as
illustrated in Fig. 9(a). This indicates that some of the free molecules
are trapped by the wall interaction and enter the adsorbed layer, how-
ever some of the adsorbed molecules are also released by the wall inter-
action and enter the bulk fluid phase.

In order to elucidate the microscopic mechanism of pore geome-
try on fluid molecule interactions, we examine the force characteristics
of fluid molecules in two pore geometries [Figs. 9(c) and 9(d)]. A top
view of the equilibrium configuration of the fluid molecules within the
0.42nm pore size slit pores in the Z-direction reveals that the n-octane
molecules are all distributed in the pores parallel to the walls and are
predominantly oriented at 45�, which is associated with the hexagonal
lattice characteristics of the siloxane surface of kaolinite. By measuring
the distances between the atoms of one of the n-octane molecules and
the two surfaces of kaolinite, it is possible to determine that the alkane

molecule is closer to the hydroxyl surface. This is because the alkane
molecule is subject to both van derWaals and electrostatic interactions
at the hydroxyl surface. In the pores of carbon nanotubes with a pore
diameter of 1.74nm, hexane molecules are also dispersed parallel to
the walls. By measuring the distance between one of the hexane mole-
cules and the wall, it was discovered that the alkane molecules inter-
acted with the curved wall in multiple directions with similar forces. It
may be assumed that when the interaction forces between the wall and
the fluid are the same, the curved wall leads to a superposition of inter-
actions against the same fluid molecule, hence enhancing the interac-
tion between the wall and the fluid. Calculating the ratio of surface
area to volume for slit and cylindrical pores with the same wall surface
and pore diameter reveals that the ratio is four times greater for cylin-
drical pores than slit pores. This indicates that the specific surface area
of the cylindrical pore wall is greater than that of the slit pore, resulting
in higher absorption capacity.

IV. CONCLUSION

In this study, a method for quantitatively characterizing the phase
state of nanopore-confined fluids using MD simulations is proposed,

FIG. 9. (a) Schematic diagram of the phase state of confined fluids in different shaped pores; (b) enlarged snapshots of the molecular equilibrium configuration of different
adsorption layers near the wall; (c) snapshots of the molecular equilibrium configuration of octane inside a slit-like pore of 0.42 nm; and (d) snapshots of the molecular equilib-
rium configuration of hexane inside a cylindrical pore of 1.74 nm.
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and a quantitative evaluation model of the phase state properties of flu-
ids is constructed and validated using MD simulations. Here, the phase
state characteristics of model hydrocarbon fluids in slit-like representa-
tive mineral pores (kaolinite) and cylindrical organic pores (carbon
nanotubes), both with varying pore diameters, are assessed to exem-
plify the method. It was determined that the lower limit adsorption
pore size for kaolinite slit pores was 2.8 nm and that fluids in pores
with pore sizes smaller than this were distributed in a multilayered
adsorption pattern parallel to the walls. The minimum adsorption
pore size for an organic cylindrical pore was found to be 7 nm. When
the pore size is smaller than this, the confined fluid exhibits a radial-
like adsorption state parallel to the pore wall and aligned along the
cylindrical pore. The findings indicate that the adsorption amount per
unit area (Cad) and the adsorption layer thickness of the slit pores grew
with pore size and subsequently remained constant after the pore size
exceeded the lower limit of adsorption. The Cad of the cylindrical pore
wall tended to increase when the pore diameter was less than the lower
limit of adsorption, then increasing slowly with increasing pore diame-
ter. When the pore size was smaller than the lower limit of adsorption,
the adsorption thickness steadily increased with increasing pore diam-
eter. As the pore size continued to expand beyond 7nm, free fluid
gradually emerged at the center of the cylindrical pores, resulting in a
decrease in the adsorption thickness, which remained constant after
the pore size reached approximately 9 nm.

The distribution features of fluid phase states in different shaped
pores as a function of pore diameter have been estimated using fluid
behavior parameters acquired from MD simulation results, and the
results of three distinct quantitative evaluation methods, theoretical,
volumetric, and modeling methods, were compared. For slit pores, the
results of the three characterization methods exactly matched the
results of molecular simulation; however, for cylindrical pores, the the-
oretical method resembled the molecular simulation results best for
the fraction less than 20nm. Based on the validated model, the hydro-
carbon fluid’s phase states in different pore shapes with varying pore
sizes was characterized and it was possible to divide the nano-confined
fluid into three regions: the fully adsorbed region (the pore diameter
dm � 8.4 nm), the pore wall’s strong influence region (8.4 nm < dm
� 85 nm), and the weak influence region (dm > 82.5 nm), in which
the fluid becomes increasingly mobile. In the system studied, when the
pore size was less than 82.5 nm, the influence of the adsorbed state
component arising from fluid–wall interaction was not regarded as
inconsequential.

The present study determined that the diffusion coefficient of
confined hydrocarbon fluid within a cylindrical pore based on a car-
bon nanotube was less than that of a slit pore, and it was concluded
that the complexity of the pore geometry considerably impacts the
equilibrium state diffusivity of the fluid and its flow capacity. The
results of the fluid–wall interaction energy calculations indicate that
when the pore diameter reduced, the interaction energy of the wall sur-
face with the internal fluid increased, with van der Waals interactions
dominating the increase. The interaction energy between the cylindri-
cal pore and the internal fluid is 1.8 times more than that of the slit-
like pore. After the system had reached equilibrium, the alteration in
molecular configuration demonstrated that fluid molecules distributed
in the adsorbed and free states were still susceptible to interconversion.
The difference in fluid adsorption capacity between cylindrical and slit
pores was attributed to the superposition of forces on fluid molecules

on the curved walls and the larger specific surface area of the cylindri-
cal pore walls. This work provides a detailed characterization of nano-
confined hydrocarbon fluids in pores with varied pore shapes and pore
diameters and establishes a method for quantitatively characterizing
the confined fluid phase state characteristics based on MD simulations.
This provides a comprehensive reference for accurate calculation of
the lower limit of shale adsorption pore size and further evaluation of
shale oil mobilization capability.

SUPPLEMENTARY MATERIAL

See the supplementary material for methods for quantitatively
calculating fluid spatial density based on molecular simulation results
and two methods for quantitatively characterizing hydrocarbon phase
characteristics; the model parameters, force field parameters, and con-
vergence criteria of the molecular dynamics simulations conducted in
this study; and discussion on the differences in the impact of two dif-
ferent types of wall surfaces on the behavior of internal hydrocarbon
fluids mentioned in the manuscript.
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