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Abstract

Understanding the microscopic occurrence states of shale oil—particularly the distribution
between adsorbed and free phases—is essential for optimizing the development of uncon-
ventional reservoirs. In this study, we propose an integrated methodology that combines
experimental techniques with molecular dynamics simulations to investigate shale oil
behavior within kerogen nanopores. Specifically, pyrolysis—gas chromatography-mass
spectrometry (PY-GC-MS), solid-state 13C nuclear magnetic resonance ('*C NMR), Fourier
transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were
performed to construct a representative kerogen molecular model based on shale samples
from the Lianggaoshan Formation in the Sichuan Basin. Grand Canonical Monte Carlo
(GCMC) simulations and a theoretical occurrence model were applied to quantify the
adsorption characteristics of n-dodecane under varying pore sizes, temperatures, and
pressure. The results show that temperature exerts a stronger influence than pore diameter
on adsorption capacity, with adsorption decreasing by over 50% at higher temperatures,
and pressure has a limited effect on the adsorption amount of dodecane molecules. This
study offers a robust workflow for evaluating shale oil occurrence states in complex pore
systems and provides guidance for thermal stimulation strategies in tight oil reservoirs.

Keywords: kerogen; shale oil; molecular dynamic; occurrence state

1. Introduction

Global oil and gas exploration and development have started to allow for stable
production of conventional oil and gas and rapid development of unconventional oil and
gas. Shale oil, as a key component of unconventional oil and gas, has become a focal point
for future exploration and development [1-4]. In this study, the term “shale 0il” refers to
liquid hydrocarbons occurring naturally within low-permeability shale formations, rather
than synthetic shale oil obtained by pyrolysis of oil shale. China possesses abundant and
widely distributed shale oil resources, with estimates suggesting recoverable reserves of
4.32 x 10 tons, accounting for 7% of the global total [5].

In China, the exploration and research of shale oil are primarily focused on the
Luchagou Formation of the Junggar Basin, the Chang 7 Member of the Ordos Basin, the
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Qing Shankou Formation of the Songliao Basin, and the Kong 2 Member of the Bohai Bay
Basin [6-8], with relatively less attention given to the shale oil in the Jurassic Lianggaoshan
Formation of the Sichuan Basin. In 2021, Sinopec deployed the first shale oil exploration
well—the TY 1 well—in the Lianggaoshan Formation, achieving a major breakthrough
with a daily oil production of 9.8 m? [9]. In recent years, among the 101 wells drilled in
the Lianggaoshan Formation, industrial oil flow has been detected in 87, with recoverable
reserves reaching 1.29 x 10° tons, demonstrating significant exploration potential. During
the deposition of the Lianggaoshan Formation, the lake basin center experienced multi-
ple migrations, leading to the deposition of several organic-rich lacustrine shale layers.
The shale reservoir of the Lianggaoshan Formation exhibits a typical “source-reservoir
integrated” characteristic, with shale oil mainly occurring in the form of adsorbed or free
oil in shale pores, and only a small fraction existing in dissolved form [10-12]. Dissolved
shale o0il, which is immiscible with organic matter, is almost non-movable and difficult
to extract; however, adsorbed and free shale oil are movable and extractable, with free
shale oil being the easiest to exploit [13]. Therefore, understanding the occurrence state
of shale oil in pores and characterizing the contents of free and adsorbed oil is crucial for
the efficient development of shale oil. However, evaluating shale oil occurrence states in
the Lianggaoshan Formation is challenging due to geological factors such as the diverse
mineral composition of rocks, strong reservoir heterogeneity, rapid lithofacies changes,
and complex pore structures [14-17]. In addition to these complex geological conditions,
the mobility of shale oil also controls its occurrence state [18]. Due to the high viscosity
and large molecular size of shale oil, and because some shale oil is adsorbed onto organic
matter or mineral surfaces, the flow behavior of shale oil remains unclear, making it more
difficult to determine the quantities of free and adsorbed oil.

Unlike shale gas, shale oil is a complex mixture composed of hydrocarbons (saturated
and aromatic hydrocarbons) and “NSO” compounds (resins, asphaltenes), with various
interactions occurring between different oil molecules [19,20]. This makes it challenging to
distinguish between adsorbed and free shale oil, as there is no clear boundary between the
two states. As a result, it is difficult to experimentally determine shale oil adsorption and
free oil content. Current methods for quantitatively evaluating shale oil occurrence states
primarily involve solvent extraction and heating release methods [21-23]. Solvent extraction
utilizes the polarity differences between adsorbed and free oil components to gradually
extract and separate them using various organic solvent combinations. For instance,
Qian et al. [24] used a weakly polar dichloromethane-methanol solvent combination to
separate free, soluble organic matter, while a more polar tetrahydrofuran-acetone-methanol
solvent combination was employed to extract non-hydrocarbon and asphaltene components
adsorbed on mineral surfaces. Jiang et al. [21] measured Sy.1, S1-2, Sp-1, and Sy.» contents at
temperatures of 200, 350, 450, and 600 °C, concluding that S;.; and S;.; represent non- or
weakly polar free compounds, Sy.1 mainly consists of heavy hydrocarbons and more polar
resins and asphaltenes in adsorbed form, and S;., represents the pyrolysis products of
kerogen. Both the solvent extraction and heating release methods assume that free shale oil
resides in large pores and consists of small, weakly polar hydrocarbons or non-hydrocarbon
compounds, while adsorbed shale oil occurs in small pores and is composed of large,
strongly polar (NSO-containing) or non-hydrocarbon compounds. However, compounds of
varying molecular weights and polarities can exist in both adsorbed and free states. During
heating or extraction, both adsorbed and free shale oil are released, making it difficult to
quantitatively evaluate the amounts of each state using only physical experiments [25-28].

In recent years, molecular dynamics simulations have been widely used in the study
of shale oil occurrence states, providing a quantitative assessment of the adsorption and
free o0il content of single-component or mixed hydrocarbons in different types of pores
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(e.g., pore type, size, morphology, wettability) and under various environmental conditions
(e.g., temperature and pressure) [29]. Molecular dynamics simulations rely on atomic inter-
actions to simulate the microscopic dynamic and static states of systems under specified
environmental conditions, and use statistical distributions of microscopic data to describe
macroscopic thermodynamic phenomena [30-33]. Due to the challenges in reaching ex-
treme conditions through physical experiments and the difficulty in conducting directional
or qualitative experiments across different observation scales, molecular simulations have
an advantage over experimental methods in explaining atomic- and molecular-level mi-
croscopic mechanisms [34,35]. Many scholars worldwide have applied molecular-level
simulations to evaluate the occurrence states of fluids in micro-nanoscale porous media [36].
However, studies on shale oil occurrence states based on molecular dynamics simulations
still face several challenges: (1) Previous studies have often used graphene to represent
kerogen, but organic matter components and maturity levels vary significantly across differ-
ent depositional environments, necessitating the construction of kerogen molecular models
that accurately represent the organic matter in the study area. (2) Molecular dynamics
simulations are performed at relatively small scales, making it difficult to macroscopically
characterize the occurrence state of shale fluid in larger pore sizes [37,38]. Additionally,
to accurately describe the occurrence state of shale oil in pores, scholars have attempted
to construct theoretical models for calculating the contents of adsorbed and free shale oil
using mathematical models [39-41]. However, key parameters such as pore size, specific
surface area, and the density and thickness of adsorbed/free phases are difficult to obtain,
resulting in lower accuracy for quantifying adsorbed and free oil contents.

To address these challenges, this study combines molecular dynamics simulations
with an adsorption-free oil theoretical model to quantitatively characterize the occurrence
state of shale oil under different pore sizes and temperatures. First, the methodology
involves conducting rock physics experiments to characterize the microstructure of shale
kerogen samples from the Lianggaoshan Formation in the Sichuan Basin, and constructing a
realistic kerogen molecular model based on the experimental data; second, using molecular
dynamics simulations to model the adsorption process of shale oil in the narrow slit pores
of kerogen and calculating the thermodynamic data at equilibrium; and finally, determining
the key parameters in the free-adsorbed oil theoretical model to quantitatively evaluate the
shale oil content in different occurrence states within kerogen pores.

2. Materials and Methods
2.1. Sample and Experimental Methods

The experimental core samples were sourced from the Lianggaoshan Formation shale
in the Sichuan Basin (Figure 1). The TOC content is generally greater than 1.5%, with
the organic matter classified as a mixed type. The organic maturity, indicated by Ro,
exceeds 1.2%, placing it within the mature to highly mature stage. The shale’s ability to
adsorb hydrocarbon fluids follows the sequence organic matter > clay minerals > inorganic
minerals, with kerogen being the core component of organic matter [42,43]. Thus, this
study focuses on the occurrence state of shale oil within kerogen pores. Different organic
matter types, compositions, and maturities significantly affect the chemical structure of
kerogen [10,44], making it essential to construct a molecular model to represent the kerogen
in the Lianggaoshan Formation.

Kerogen was isolated from shale core samples via standard acid demineraliza-
tion. Samples were dried (40-60 °C), ground (<150 um), and sequentially treated with
10-15% HCl (12-24 h) to remove carbonates and 10-20% HF (48-72 h) to dissolve silicates
and clays. After thorough rinsing to neutrality, the organic residue was vacuum-dried
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(40-60 °C), filtered, and stored in airtight, light-protected containers at low temperature for
subsequent analyses (PY-GC-MS, 13C NMR, FTIR, XPS).

Figure 1. Shale cores and kerogen powder from Lianggaoshan Formation.

2.1.1. Pyrolysis-GC-MS

PY-GC-MS is a widely used analytical technique for the qualitative and quantitative
identification of small molecular fragments generated during the thermal decomposition of
organic matter. In this study, the pyrolysis furnace model EGA /PY-3030D was employed,
with the furnace temperature set to 600 °C. The gas chromatography-mass spectrometry
analysis was conducted using an SQ8 GC-MS system, with the following parameters: the
injection port, transfer line, and ion source temperatures were all maintained at 250 °C; the
mass spectrometer scanning range was set between 50 and 450 Da; and the chromatographic
column specifications were 30.0 m x 250 um x 0.25 um. Since the sample was insoluble in
solvents, the solvent delay time was set to zero.

2.1.2. Solid-State 13C NMR

Solid-state nuclear magnetic resonance (NMR) carbon spectroscopy provides critical
insights into the carbon skeletal structure of kerogen. The analysis was conducted using
a Bruker AV II-600 MHz NMR spectrometer, operating at a magnetic field strength of
14.1 Tesla. A broadband probe in phase-positive mode was utilized for detection. The
spectra were acquired using the cross-polarization magic angle spinning (CP-MAS) tech-
nique, with a recycle delay time of 4 s and a contact time of 2 milliseconds during the
cross-polarization process.

2.1.3. FTIR

Fourier transform infrared spectroscopy (FTIR) was employed to characterize the
functional groups present in kerogen. The analysis was conducted using a Nicolet iS50
FTIR spectrometer. During testing, kerogen powder was mixed with dried KBr powder,
and the attenuated total reflection (ATR) mode was selected. The sample was scanned

16 times with a spectral resolution of 4 cm 1.

2.1.4. XPS

X-ray photoelectron spectroscopy (XPS) was utilized to characterize the elemental
composition and chemical states on the surface of kerogen molecules. The analysis was
conducted using an AXIS Ultra DLD spectrometer. The energy scale was calibrated by
referencing the Cls peak to 284.8 eV. The kerogen samples from the study area were scanned
to obtain XPS spectra for Cls, Ols, N1s, S2p, and Fls, providing detailed insights into the
surface chemistry of the kerogen.



Energies 2025, 18, 5695

50f21

L. Determine aromatic and cyclic structures 3. Determine distribution of functional
in the molecular structure of kerogen via

pyrolytic fragmentation by PY-GC-MS

2.2. Molecular Simulation Methods
2.2.1. Construction of Kerogen Molecular Structure

The construction of the kerogen chemical structure was primarily based on the analysis
of experimental data from PY-GC-MS, 3C NMR, FTIR, and XPS. The specific steps are
as follows [45-47]:

(1) Determining the aromatic and cyclic structures within the kerogen molecular frame-
work based on pyrolysis fragment analysis from PY-GC-MS.

(2)  Extracting molecular skeletal parameters from 3C NMR data, including protonated
aromatic carbon (f,1), esterification degree (far), aromaticity (f;)), aromatic substitution
degree (8), and branched aromatic carbon (£2:€).

(3) Identifying the distribution of characteristic functional groups through FTIR analysis.

(4) Analyzing the occurrence states of O, N, S, and F elements using XPS data.

(5) Connecting the identified molecular units to construct an initial kerogen structure.

(6) Refining the chemical structure to match experimental observations, yielding a final
two-dimensional kerogen model.

(7)  Constructing the three-dimensional spatial kerogen structure based on the established
two-dimensional chemical and physical framework (Figure 2).

5. Form an initial kerogen structure by
connecting identified units

7. Construction 3D kerogen spatial

group via FTIR model based on 2D model
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Figure 2. Flowchart of the molecular construction process of kerogen. PY-GC-MS provided constraints
on the molecular fragment combinations; the formation of aromatic clusters was primarily guided by
13C NMR data, utilizing lattice parameters such as aromaticity (far), condensation degree (XBP), and
aromatic substitution degree (5). The aliphatic structure was determined mainly from FTIR and 13¢C
NMR data, while heteroatom (O, N, and S) information was derived from XPS data. The aromatic
backbone, aliphatic chains, and heteroatoms were iteratively adjusted to ensure that the constructed
model exhibited strong consistency with experimental results.

2.2.2. Construction of Kerogen Slit Structure

In this study, the kerogen slit nanopores were constructed using the Materials Studio
24.1 software [48]. First, the Amorphous Cell module was utilized to generate the kerogen
matrix, then the Cleave Surface method was applied to extract the surface of the kerogen
matrix, and finally the Build Layers approach was used to stack two kerogen matrix layers,
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forming a framework of kerogen slit nanopores. Each kerogen matrix comprised ten
kerogen units derived from the previously established molecular model. The simulation
box had a periodic boundary condition in all directions, with x and y dimensions set to
9.5 nm. The pore width, defined as the distance between the upper and lower kerogen
matrix layers, ranged from 2 nm to 10 nm with a 2 nm interval for analysis. To optimize
the nanopore structure, the Geometric Optimization module was employed, followed by
annealing using the Anneal algorithm. Each model underwent 20 annealing cycles, with
each cycle consisting of 10 heating and 10 cooling steps. The temperature was ramped
from 300 to 800 K and then reduced back to 300 K. The total simulated annealing time was
1500 ps, with a 1 fs time step.

2.2.3. GCMC Simulation

Shale oil is a complex mixture, and based on the composition analysis of crude oil from
the Lianggaoshan Formation, n-dodecane is identified as one of the primary components
of shale oil in the study area. The use of n-dodecane as a single-component surrogate is
supported by its prevalence among medium-chain alkanes (C12,—Cy4), which are dominant
in the studied formation. Although shale oil comprises a wide variety of hydrocarbons,
prior studies have successfully employed n-dodecane to simulate adsorption and diffusion
behavior of shale oil components due to its representative molecular size, chain flexibility,
and computational tractability [49,50]. This simplification is widely accepted for enabling
molecular-level insights with feasible resource costs. Therefore, n-dodecane was chosen
to represent shale oil, and adsorption simulations of n-dodecane in kerogen pores were
conducted using LAMMPS 2023 software [51]. The simulation process adopted the Grand
Canonical Monte Carlo (GCMC) method and the OPLS all-atom force field, which has been
widely used to calculate the structure and dynamics of organic, biological, and main group
inorganic molecules. This force field has also been validated in prior studies involving
kerogen-like macromolecules containing heteroatoms such as oxygen, nitrogen, and sulfur.
It reliably captures non-bonded interactions (van der Waals and electrostatic) relevant
to adsorption phenomena in organic-rich shale systems [52]. Non-bonded interactions
between molecules were described using van der Waals forces and electrostatic potential,
with the Lennard-Jones (L]) 9-6 potential used to model van der Waals interactions, and the
Coulomb formula applied to calculate electrostatic interactions. For short-range pairwise
interactions, the simulation accuracy typically increases with the cutoff distance. However,
the cutoff distance cannot exceed half the minimum size of the simulation box. Therefore, a
cutoff distance of 15 A was set to calculate the short-range L] interactions. The chemical
potential in the GCMC simulations was set to correspond to standard atmospheric pressure
for all temperatures. This allowed us to isolate the effects of pore size and temperature
without introducing additional pressure variables. The system was first equilibrated under
the NVT ensemble for 200 ps at 298 K to stabilize temperature distribution, followed by
NPT equilibration at 1 atm for 500 ps to ensure pressure convergence and realistic packing.
Production simulations were conducted in the NVT ensemble, with trajectory data collected
after reaching thermal equilibrium.

2.3. Theoretical Model of Adsorbed and Free Oil

Previous studies have shown that the microscopic occurrence state of shale oil is
influenced by multiple factors, including pore characteristics (such as pore diameter, mor-
phology, and surface properties), temperature, pressure, and hydrocarbon type. Shale oil is
adsorbed in multiple layers on the shale pore surfaces and is distributed in a free state at the
center of the pores. From the pore surface to the center, the density of the shale oil adsorp-
tion layers gradually decreases, and its mobility increases [53-55]. These assumptions form
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the basis for the development of the shale oil adsorption-free theory model. Under certain
temperature and relative pressure conditions, the adsorbed hydrocarbons in the pore sys-
tem (including pores, throats, and micro-fractures) are simplified as rigid, ellipsoidal long
molecules, which are stacked parallel on the pore surface. The heterogeneous differences
in the pore surface will affect the number of hydrocarbon adsorption layers at different
positions, causing the thickness of the adsorbed hydrocarbons to vary across the surface
(Figure 3a). Free-state hydrocarbons, on the other hand, are randomly distributed in the
center of the pores. Assuming the hydrocarbon molecule length is dy, the shale pore system
is theoretically divided into three regions based on the occurrence state of hydrocarbons in
pores of different scales: zones A (dy < d},), where the pore diameter (dy) is smaller than
the hydrocarbon molecule diameter (dy,), and hydrocarbons cannot aggregate within the
pores, making them effectively non-contributing; Region B (d,, < d; < d,), where the pore
is completely filled with adsorbed hydrocarbons; and Region C (d; < dy < dmax), where
both adsorbed and free-state hydrocarbons coexist within the pores (Figure 3b):

Qu = kdm(Vl + S2hn)P1 (1)

Qf = (Vz — kdeZhn)PZ (2)

where Q, represents the adsorbed quantity (g/3), Qr the free quantity (g/g), and k a coeffi-
cient (nm ') reflecting hydrocarbon-rock interactions and pore structure. Theoretically, k is
given by A/Fhn, where A is the volumetric ratio of adsorbed hydrocarbons to pores (dimen-
sionless), F is the pore shape factor (dimensionless), 7 is the average number of adsorption
layers (dimensionless), and / is the average adsorption thickness (nm). Meanwhile, d;,
denotes the average pore diameter (nm); S, is the specific surface area of pores within the
range d, < pore diameter < d,u.x (m?/g); p1 and p; represent the densities of the adsorbed
and free phases (g/cm?), respectively; and V; and V; denote the total amount of adsorbed
hydrocarbons in zones B and C, respectively. The parameter V' is akin to hydrocarbons
absorbed or dissolved within the kerogen structure (i.e., the absorbed state hydrocarbons),
which are effectively immobile due to confinement in small pores. Given the relatively low
V7 value in lacustrine shale, it can be considered negligible. Consequently, in Equation (1),
S, =S¢, and in Equation (2), V;, ~ V}, where V; and S; represent the total pore volume and
total specific surface area of oil-bearing pores, respectively.

A
|:| Invaild pore

I Adsorbed phase [l Condensed phase

s|lAaz B (;1 :
- _Pore Radius = e di ’ !
3 <—l1—> 1
= ! : i
(3 <d0 >E E

dh d. dma;
* Pore radius '

(b)

Figure 3. Diagram illustrating the adsorption (a), For a pore of radius R (slit half-width or cylinder
radius), an adsorption film of thickness H forms at the wall, reducing the free core to the Kelvin
radius r, &~ R — H (per wall), which governs capillary condensation at a given T and p/p,. and
occurrence (b), the bracketed widths d; and d; indicate the adsorption-dominated and coexistence
ranges, respectively. d, ~ 2H(T) is the characteristic diameter at which adsorption layers cease to
overlap, and dmax is the upper bound of the measured pore sizes of hydrocarbons within pores.



Energies 2025, 18, 5695 8 of 21

Thus, the equations can be rewritten as
Qs = kdmsthnpl 3)

Qf = (Vt — kdethn)pz (4)

where S; represents the total specific surface area of oil-bearing pores (m?/g) and V4 is the
total volume of oil-bearing pores (cm3 /8).

This model primarily applies to cases where shale oil exists in both adsorbed and free
states within shale pores. Based on this framework, the model can be further extended
to other forms. First, considering the intrinsic relationship between pore volume, specific
surface area, and average pore diameter in oil-bearing shale:

F1Vi = Sidy )

where F; is a coefficient reflecting pore shape, with values of 6000, 4000, and 2000 for
spherical, cylindrical, and parallel-plate pores, respectively.
By defining H = hn, Equations (3) and (4) can be transformed into

Qa = kF1ViHpy (6)

Qf = (Va —kF1H)Vip2 @)
Thus, the mass fraction of adsorbed oil relative to the total oil content (R,) is given by

L ®)

0
T+ (g - 1)

R, =

Since the sum of the mass or volume ratios of adsorbed and free oil equals 1, the
contents of adsorbed and free oil can be computed as follows:

Qu = QiR, ©)
Qf = Qt(1—Ry) (10)

If all parameters in Equations (6)—(8) can be determined, the contents of adsorbed
and free shale oil can be directly calculated. However, parameters such as average pore
diameter (d,,), adsorption layer number (h), adsorption thickness (1), adsorbed phase
density (p1), and free phase density (p;) are challenging to obtain through direct exper-
imental measurements. Instead, molecular dynamics adsorption simulations, coupled
with thermodynamic data analysis at equilibrium, can be employed to derive these pa-
rameters. Specifically, the wall-normal mass-density profile is obtained by binning (Ax).
The adsorbed-phase density p1(T, R) is computed as the average of pm(x) over the first
adsorption layer adjacent to each wall; the free-phase density p,(T, R) is taken from the
center plateau pcenter(T, R); and the adsorption-layer thickness h(T, R) is defined as the total
thickness where pm,(x) > 0.95 p2(T, R) near each wall, delimited by local minima of pm ().

For a slit pore of half-width R (two walls), the mass per unit area is

M = 01(2H) + p2(2R — 2H) a1
_ p1(H)
Ra(T.R) = S0 + pa(R— ) 12

The MD-derived quantities p1, p2 and H are substituted directly into Equations (3), (4)
and (8) to predict Ra(T, R) and related observables.
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3. Results and Discussions

3.1. Characterization of Kerogen Chemical Structure
3.1.1. PY-GC-MS Data Analysis

By analyzing the total ion chromatograms (TIC) of kerogen samples obtained from
PY-GC-MS, the distribution characteristics of kerogen pyrolysis products can be deter-
mined. The relative contents of the identified compounds are quantified using the area
normalization method.

Experimental results reveal that the pyrolysis products of kerogen samples primarily
consist of hydrocarbons, nitrogen-containing heteroatomic compounds, aromatic com-
pounds with benzene ring structures, and oxygen-containing alcohols. Among these,
aromatic compounds, n-alkanes, and heteroatomic compounds dominate the total pyrol-
ysis product composition. Cyclic hydrocarbons and aromatic hydrocarbons exhibit the
highest abundance, followed by chain hydrocarbons. The presence of predominantly
n-alkanes among aliphatic compounds indicates a relatively high maturity of the kero-
gen. Additionally, the detection of cyclic hydrocarbons with varying degrees of saturation
suggests a tendency toward aromatization during organic matter evolution. Furthermore,
benzene and its derivatives, with varying degrees of branching were identified across
all samples.

3.1.2. FTIR Data Analysis

FTIR spectroscopy characterizes kerogen functional groups based on distinct absorp-
tion peaks in the spectrum. Figure 4 presents the Fourier transform infrared (FTIR) spectra
of kerogen samples from the study area, along with the corresponding absorption peak
positions. Notable peaks are observed in the ranges of 700-900 cm ! and 1000-1800 cm !

(Figure 4).
15 L A Aromatic C-H
Oxygen containing functional group 700em™-900cm™
Aromatic structure
1.4 -
Aliphatic structure  ¢_g/c.0-¢
1030cni™-1260cm™
513t N
§ Aliphatic CH bending
E CH,/CH, 1350cm™-1480cm™
g 1.2+ 2850cm™-2960cn™
%ﬂ Aromatic C=C
~1600cm™
1.1 \
1.0
1

1 1 1
3000 2500 2000 1500 1000 500
Wave Number (cm™)

Figure 4. FTIR profiles of kerogen from Lianggaoshan shale. FTIR spectrum and as-
signments: 2850-2960 cem ! (aliphatic CH,/CHj stretching), 1350-1480 cm ! (aliphatic CHx
bending), ~1600 em ™! (aromatic C=C stretching), 1030-1260 em~1 (C-O/C-0-C stretching), and
700-900 cm ™! (aromatic C-H out-of-plane). pink = oxygenated, yellow = aromatic, cyan = aliphatic.

The 700-900 cm ! region corresponds to aromatic C-H out-of-plane bending and is
diagnostic of ring substitution patterns. Peak deconvolution of this window (Figure 5a)
resolves three components centered near ~740, ~795, and ~835 cm !, which we assign to
para- (1,4-), meta- (1,3-), and ortho- (1,2-) substituted aromatic rings, respectively. The area
fractions indicate that meta/ortho substitutions dominate in these samples.
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Figure 5. Wavenumber range of 700-900 cm~! (a), Components near ~740, ~795, and ~835 cm~!
indicate para-, meta-, and ortho- substitution patterns, respectively. and (b) 1000-1800 cm~! C-O/C-
O-C stretching (1030-1260 cm L pink), aliphatic CHx bending (1350-1480 cm™1, cyan), and aromatic
C=C (~1600 cm 1, yellow).

Within 1000-1800 cm ™!, the spectrum is dominated by C-O/C-O-C stretching at
1030-1260 cm ! and aliphatic CHx bending at 1350~1480 cm ™!, together with a prominent
aromatic C=C skeletal band at ~1600 cm~! (Figure 5b). This suggests that oxygenated
functionalities are mainly ethers/phenolics rather than carbonyl groups at the investigated
maturity level.

3.1.3. Solid-State '3C NMR Data Analysis

The solid-state nuclear magnetic resonance (NMR) spectrum of kerogen can be broadly
categorized into three regions. The chemical shift range of 0-90 ppm corresponds to the
aliphatic carbon region, comprising methyl, aromatic methyl, aliphatic C(2) carbon, methy-
lene, methine, and quaternary sp® carbon. The 90-165 ppm range represents the aromatic
carbon region, which includes oxygenated methylene, oxygenated methine, protonated
aromatic carbon, inter-ring bridged aromatic acids, side-chain aromatic carbon, and oxy-
genated aromatic carbon. The 165-220 ppm range corresponds to the carboxyl and carbonyl
carbon region.

Figure 6a presents the 1>C NMR spectrum of the Lianggaoshan Formation kerogen.
The spectrum reveals that the peak intensity of aromatic carbon is significantly higher
than that of other carbon types, indicating that aromatic carbon constitutes the primary
structural component of the kerogen.

Aliphatic carbon

Aromatic carbon

Carboxy and
carbonyl carbon

Row data
Cumulative Fit|
Fit Peak

Absorption Strengh
Absorption Strengh

1 i 1 1 1 1 1 1
0 . 100. 200 0 50 100 150 200 250
Chemical Shift (ppm) Chemical Shift (ppm)

(a) (b)
Figure 6. Solid-state '*C NMR spectrum (a), and peak fitting diagram (b) of the kerogen from
Lianggaoshan shale. Shaded regions mark the conventional chemical-shift domains: 0-90 ppm
(aliphatic sp® C; CH3/CH, and O-alkyl), 90-165 ppm (aromatic/olefinic sp?> C; protonated
~110-130 ppm and bridge/condensed ~130-160 ppm), and 165-220 ppm (carboxyl/carbonyl C;
COO™ ~165-185 ppm and C=0 ~190-220 ppm).




Energies 2025, 18, 5695 11 of 21

By performing peak deconvolution on the NMR carbon spectrum of the kerogen
samples (Figure 6b), the relative percentage content of various carbon functional groups
within the kerogen can be determined (Table 1). Using structural parameter formulas, key
skeletal parameters of the kerogen were obtained (Table 2). The data in the table indicate
that the aromaticity of the kerogen exceeds 60%, further confirming that aromatic carbon is
the predominant structural component of the Lianggaoshan Formation kerogen.

Table 1. Structural parameters of kerogen from Lianggaoshan Formation.

Structural Parameter Carbon Functionality Position Chemical Shift/ppm Area Fraction (%)
fa™ Aliphatic methyl C,-C*H3 16 \
£t Aromatic methyl Car-C*Hjz 20 \
£° Aliphatic C(2) carbon C*H,-CHj 25 17.34
fatl Methylene C*H, 33 \
£,D Methine, Quaternary sp° C* C*H 35-50 414

carbon

Oxygen-methylene C*H,-O 55 18.26

£,1° Oxygen-methine C*H-O 62,69 1.69
Oxygen-aliphatic ring Cal*-O 83,89 \

far® Oxygen-aromatic ring Car*-Car-O 99,105 2.10
£ H Protonated aromatic carbon Car-H 100-129 \

far B Bridged aromatic carbon Car*-Car 129-139 46.51
far" Branched aromatic carbon Car*-Cal 139-152 \
£2r© Oxygen-aromatic carbon Car*-O 152-165 \

£,0 Carboxyl, carbonyl RC*=OR 165-220 9.94

* indicates the carbon atom whose 1*C NMR chemical shift is reported; A backslash (\) denotes values not
quantified separately.

Table 2. Lattice parameters derived from 3C NMR spectra of kerogen from Lianggaoshan Formation.

Lattice Parameters Description Definition Area Fraction (%)
fal Aliphaticity fa™ + far + ful + f + fuP + ful© 19.46
far Aromaticity fmA + me + me + farC + furo 70.61
Xgp Degree of condensation farB/(farA + fWH + fmC + faro) 22.11
BI Aliphatic branch (FuP + £/ 14.10
) Aromatic substitution 1-— me/fa, 4.32

3.1.4. XPS Data Analysis

XPS analysis provides elemental composition information on carbon, oxygen, nitrogen,
and sulfur functional groups present on the surface of kerogen, while also determining the
relative abundance of different atomic species (Figure 7).

To elucidate the forms of carbon in kerogen, the Cls signal curve from the X-ray
photoelectron spectroscopy (XPS) analysis was subjected to peak fitting (Figure 8a). The
oxygen-containing functional groups were quantified by deconvoluting the Cl1s signal,
which characterizes the bonding states between oxygen and carbon atoms. Similarly, to
determine the presence of fluorine, the Fls signal curve was fitted (Figure 8b). The Fls
peak appears as a single peak around 684.3 eV, indicating that fluorine in kerogen exists
predominantly in the form of fluoride ions. This suggests that fluorine originates from
residuals of acid treatment and does not affect the analytical results. To identify the nitrogen
species in kerogen, the N1s signal curve was deconvoluted (Figure 8c). The nitrogen in the
kerogen exists primarily in the forms of pyridine, pyrrole, amine, and nitrogen oxides, with
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pyrrole being the most dominant. Similarly, to clarify the sulfur speciation, the S2p signal

curve was fitted (Figure 8d). The sulfur species in the kerogen samples include thiophenic
sulfur, sulfoxide sulfur, and sulfone sulfur.

1,000,000
Element Content/% Cls
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o 11.93
N 1.72
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2 S 1.52
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S 400,000
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Figure 7. X-ray photoelectron spectra of kerogen from Lianggaoshan Formation. Labeled core levels
confirm the surface composition: C 1s (~285 eV), O 1s (~532 eV), N 1s (~400 eV), S 2s (~227 V), S 2p
(~164 eV), F 1s (~685 eV), and O 2s (~20-25 eV). The inset table reports atomic percentages from the
survey: C 85.18 at%, O 11.93 at%, N 1.72 at%, S 1.52 at%, F < 1 at%.
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Figure 8. X-ray photoelectron spectroscopy of kerogen in Cls (a), F1s (b) N1s (c), and S2p (d),
respectively. Peak positions: C-C/C-H (~284.8 eV), C-O/C-N (~286.2 eV), C=0 (~287.6 eV), O-C=0
(~288.8-289.2 eV); N species at ~398.6 (pyridinic), ~400.0-400.5 (pyrrolic), ~401.0-401.5 eV (Amine);
S2p split into 163.8 (thiophene), 166.1 (sulfoxide), 169.8 (sulfone).
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3.2. Molecular Modeling of Kerogen Structure
3.2.1. Molecular Structure of Kerogen Unit and Validation

The resulting kerogen model captures the key chemical features of the Lianggaoshan
Formation.Figure 9a presents the two-dimensional molecular structure of the kerogen
sample, with a molecular formula of Cy4Hj60O25NSs. Subsequently, we compared the
kerogen molecular model constructed for the Lianggaoshan Formation with the marine
shale kerogen model proposed by Philippe [56]. The results show that low-maturity
kerogen model is primarily composed of long aliphatic chains and saturated hydrocarbons,
with a high abundance of oxygen-containing functional groups such as hydroxyl and
carbonyl groups. Accordingly, both the hydrogen-to-carbon (H/C > 1) and oxygen-to-
carbon (O/C ~ 0.09) atomic ratios are relatively high. In contrast, the lacustrine shale of
the Lianggaoshan Formation exhibits a higher level of organic matter maturity and falls
within the main oil-generation window. As a result, oxygen-containing functional groups
have decomposed, and both H/C and O/C ratios have significantly decreased. The degree
of aromaticity has begun to increase, and aliphatic chains gradually break down into liquid
hydrocarbons, leading to a molecular structure characterized by a coexistence of aromatic
units and short-chain alkanes. Compared with existing kerogen molecular models, the
model developed in this study more accurately represents the geological characteristics of
the lacustrine shale in the Lianggaoshan Formation and thus offers distinct advantages for
characterizing its organic matter.

Experimental curve
A — — -Simulation curve

|
|
|
(
(
I
|
i
\

Signal Strengh

0 50 100 150 200 250
Chemical shift (ppm)
(b)

Figure 9. The molecular configuration of kerogen (a), color code for elements: C = grey, O = red,
N = blue, S = yellow; H omitted for clarity and (b) comparison between the experimental spectrum
and the simulated profile based on the constructed 2D kerogen structure.

The constructed 2D kerogen structure was imported into gNMR software for computa-
tional analysis, generating a simulated NMR spectrum [57]. The high degree of fit between
the simulated solid-state NMR spectrum and the experimental NMR spectrum (Figure 9b)
confirms that the developed molecular model accurately represents the chemical structure
of the kerogen samples from the core.

3.2.2. Construction of Kerogen Slit Nanopore

After obtaining the initial 2D configuration of the kerogen molecule in the study area,
and considering that the minimum size requirement for the kerogen matrix is 1700 atoms,
10 three-dimensional kerogen units were combined to construct the initial kerogen matrix
(Figure 10a). The initial structural units of the kerogen are dispersed, with no interactions
between them. Geometry optimization was then performed to reposition the atoms to their
reasonable initial positions (Figure 10b). The annealing process enhances the molecular



Energies 2025, 18, 5695

14 of 21

flexibility and toughness, bringing the kerogen system to its lowest energy equilibrium
state (Figure 10c). During the first simulation in the NPT ensemble, the density of the
kerogen matrix gradually increased and converged. After equilibrium, the kerogen density
was 1.31 g/cm3, while the density range for highly mature organic matter kerogen was
between 1.18 and 1.25 g/cm? [42], further validating the reasonableness of the constructed
kerogen model. The kerogen slit model was obtained by combining two matrix layers,
where dm represents the pore diameter of the slit. n-Dodecane molecules were inserted
into the pore region using the Packmol algorithm, with the number of molecules adjusted
to achieve near-liquid density (0.75 g/cm?) at room temperature (Figure 10d).

(0 (d)

Figure 10. (a) Single kerogen unit (3D) constructed from the chemically constrained 2D formula and
hydrogenated for stability; (b) Multiple units were packed into a periodic box and energy-minimized
to remove bad contacts and obtain a mechanically stable configuration at the target density; (c) The
slab was thermally annealed and relaxed (periodic boundary conditions) to release residual stress
and generate an amorphous surface topology and free volume representative of natural kerogen;
(d) Two annealed slabs were duplicated and separated to form a slit pore (gap 2R), then the pore
was then filled with n-dodecane. In the above molecular configuration, gray represents carbon atom,
white represents hydrogen atom, blue represents nitrogen atom, yellow represents sulfur atom, and
red represents oxygen atom.

3.3. The Effect on n-Dodecane Adsorption

To connect pore-scale structure with occurrence states, the mass-density profile pm(x)
and mean-square displacement (MSD) were used together to relate molecular structure to
the adsorbed ratio R, and its dependence on pore size and temperature.

The local density distribution of n-dodecane molecules was computed along the
direction normal to the kerogen wall by dividing the simulation box into bins of 0.5 A
thickness. The mass density in each bin was calculated by summing the atomic masses
within the bin and dividing by the bin volume. The adsorption layers were identified
by locating peaks in the density profile, with local minima used as boundaries between
adjacent layers. This method enables the quantification of adsorption structure and packing
behavior near the pore walls. The mass-density profile obtained by binning the simulation
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box (bin thickness Ax) along the direction perpendicular to the kerogen wall can be obtained

as follows: N
1 atoms Ax Ax
pm(xi) = AAx ]; mil(xj € [x; — Xt 7]) (13)
_ 1
Ok ° == 2 Pm (x;) Ax (14)
X T Xk tick

The slope of the time versus mean square displacement function fitting curve can, to
some extent, characterize the diffusion coefficient. The diffusion analysis was conducted
by tracking the center-of-mass positions of all n-dodecane molecules confined within the
kerogen slit pores. No chemical reactions or molecular exchange between adsorbed and
free states were considered, as the system was modeled as a single-component ensemble.
The initial deviation from linearity in the MSD curves is attributed to thermal equilibra-
tion in the early stages of the simulation, which is a common observation in confined
molecular systems.

3.3.1. Pore Radius

Figure 11a illustrates the density distribution of n-dodecane molecules in the kerogen
slit pores with varying pore sizes (2, 4, 6, 8, and 10 nm). As the pore size increases under
constant temperature, the number of adsorption layers gradually increases. Before reaching
a stable number of adsorption layers, the peak density of the formed adsorption layers is
lower than the peak density observed when the formed and forming layers coexist. With
the increase in pore scale, adsorption layers are preferentially formed, indicating that only
adsorbed hydrocarbons exist within certain pore size ranges. As the pore size further
increases, the peak density of the first adsorption layer steadily rises, while the number
of adsorption layers gradually increases to five prominent layers and two to three fewer
significant layers, ultimately stabilizing. The thickness of the adsorption layers remains
unchanged with varying pore sizes. Furthermore, when the pore diameter exceeds 6 nm, the
peak density of the adsorption layers shows no significant variation. Comparing the peak
density of the first adsorption layer in pores of varying widths reveals that in 6 nm pores,
the first adsorption layer density is approximately 3.61 times the free hydrocarbon density
in the pore center, further suggesting the presence of a “solid-like layer” of polymeric
hydrocarbons within the pore. Figure 11b indicates that as the pore size increases, the
diffusion ability of n-dodecane molecules within the kerogen slit pores follows a trend of
first increasing and then stabilizing.
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Figure 11. Effect of pore size on (a) density distribution, the arrows indicate that as the pore

size increases, the peak density of the adsorption layer first increases and then remains stable,
and (b) diffusion velocity of shale oil.
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3.3.2. Temperature

Figure 12a illustrates the density distribution of n-dodecane within kerogen slit pores
at different temperatures (293.15, 313.15, 333.15, 353.15, and 373.15 K). At temperatures
exceeding 373 K, shale oil components may undergo thermal cracking, phase transitions,
or volatilization, which are beyond the assumptions of the current confined adsorption
model. Therefore, simulations at higher temperatures were not pursued. The results show
that n-dodecane molecules form four adsorption layers within the kerogen pores, with
the density profile gradually decreasing as the distance from the pore wall increases. The
adsorption layer thickness remains between 0.4 and 0.5 nm.
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——373.15K
——353.15K
500 L ——333.15K
——313.15K
- ——293.15K
8 <2400 -
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g 300 -
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Time (ps)
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Figure 12. Effect of temperature on (a) density distribution, the arrows indicate that the peak density
of the adsorption layer continuously increases with increasing temperature, and (b) diffusion velocity

of shale oil.

As the temperature rises, the peak densities of the first and second adsorption layers
decrease significantly, whereas the third and fourth layers exhibit only minor reductions.
Meanwhile, the density of n-dodecane molecules at the center of the pore remains nearly
unchanged. Additionally, it is observed that the reduction in the first adsorption layer’s
peak density decreases progressively with increasing temperature.

Furthermore, as temperature increases, the diffusion capability of n-dodecane
molecules within the pores also rises (Figure 12b). The reduction in adsorption density with
increasing temperature can be attributed to the increase in system internal energy, which en-
hances molecular kinetic energy and facilitates desorption from the organic matter surface.

3.3.3. Pressure

To evaluate the influence of pressure on the occurrence states of alkane molecules, we
conducted molecular simulations of n-eicosane within kerogen slit pores under a pressure
range of 20-30 MPa.

As shown in Figure 13a, the density profiles of n-eicosane exhibit negligible variation
across the entire pressure range, indicating that the total adsorption amount remains nearly
constant. Figure 13b further shows that the mean square displacement (MSD) curves under
different pressures are closely aligned, suggesting that the diffusion capacity of n-eicosane
molecules is not significantly affected by pressure.

This phenomenon is attributed to the capillary condensation of liquid alkanes within
the nanopores. Unlike gases, which show pronounced adsorption variability with pressure,
liquid-phase hydrocarbons tend to exhibit saturated adsorption behavior due to strong van
der Waals interactions with the pore walls. Once adsorption layers form near the surface,
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additional pressure has limited impact on their molecular arrangement or mobility. These
results indicate that pressure plays a minimal role in controlling the behavior of confined
liquid hydrocarbons under the conditions studied.
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Figure 13. Effect of pressure on (a) density distribution, the arrow indicates that the peak density
of the adsorption layer does not change significantly with pressure, and (b) diffusion velocity of
shale oil.

3.3.4. Sensitivity Analysis

To assess the robustness of the theoretical occurrence model, we conducted a sensitivity
analysis of three key parameters: average pore diameter (dy,), adsorbed-phase density (o1),
and free-phase density (p2). Each parameter was independently perturbed by £10% from
its baseline value while keeping the others constant. The resulting changes in the calculated
adsorbed ratio (R,) were evaluated.

The results show that Ra is particularly sensitive to variations in p; and dp,, with
deviations up to 18% observed for a 10% increase in adsorbed-phase density in smaller
pore systems (<5 nm). In contrast, variations in p, have a comparatively minor effect on R,,
especially in mesoporous systems. These findings suggest that accurate estimation of p;
and dpy, is critical for reliable model predictions. A summary of the sensitivity analysis is
provided in Table 3.

Table 3. Sensitivity analysis of average pore diameter (d,), adsorbed-phase density (p1), and free-

phase density (o).
Parameters Perturbation AR, (3 nm Pore) AR, (5 nm Pore)
01 +10% +18% +12%
01 —10% —15% —10%
02 +10% —5% —2%
02 —10% +4% +1%
dm +10% —14% —8%
dm —10% +16% +10%

3.3.5. Microscopic Mechanism of Shale Oil Occurrence

Previous analyses have shown that the micro-scale adsorption of shale 0il is controlled
by factors such as the oil-bearing pore surface area, the density of the adsorbed phase, and
the adsorption thickness. The free phase is influenced by the oil-bearing pore volume and
the density of the free phase. However, the surface area of oil-bearing pores correlates with
pore size, shape, and volume, while pore volume is further related to oil saturation, porosity,
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and shale density. On a macroscopic scale, shale oil adsorption is affected by pore diameter
and temperature. By combining molecular dynamics simulations with adsorption-free oil
theoretical models, we can quantitatively assess the shale oil storage state under various
pore diameters and temperatures.

The proportion of adsorbed oil (Ra) was quantitatively calculated using Equation (8),
with the proportion of free shale oil defined as 1 — Ra. Molecular dynamics simulation
results reveal that the density distribution of hydrocarbon molecules exhibits a clear layered
structure. In this context, the high-density layers located near the kerogen pore walls are
defined as adsorbed shale oil, while the low-density layers in the center of the pores are
classified as free shale oil. By statistically analyzing the density values of the adsorbed and
free oil layers, the key parameters p1 and p, in the equation can be determined. Furthermore,
we define a characteristic pore radius 7.(T) as the pore size at which the center density
first reaches 0.95 pp,1x(T) (i-e., the adsorption layers near the two walls no longer overlap),
consistent with the density profiles in Figure 12a. Equivalently, beyond r.(T), the dR,/dR
slope falls below a small threshold, indicating a transition from strong-confinement to
weak-confinement scaling. Because r¢(T) is temperature dependent, the transition appears
as a band rather than a single universal pore size when curves at different temperatures are
overlaid (Figure 14a). On the other hand, shale oil adsorption decreases with an increase in
temperature, with a significantly larger reduction of over 50% (Figure 14b). A comparative
analysis of shale oil adsorption under different pore diameters and temperatures shows
that, in contrast to pore diameter, temperature has a stronger effect on shale oil adsorption.
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Figure 14. Quantitative evaluation of shale oil under (a) pore size and (b) temperature conditions.

4. Conclusions

This study first establishes a molecular model of kerogen from the Lianggaoshan
Formation shale using pyrolysis-gas chromatography—mass spectrometry (PY-GC-MS),
Fourier transform infrared spectroscopy (FTIR), solid-state 13C nuclear magnetic resonance
(13C NMR), and X-ray photoelectron spectroscopy (XPS). Furthermore, the storage state
of shale oil in kerogen nanopores is analyzed from the perspectives of regularized Monte
Carlo (GCMC) molecular simulations and the free oil-adsorbed oil evaluation model. The
main conclusions are summarized as follows:

(1) The pyrolysis products of kerogen samples primarily consist of hydrocarbons,
nitrogen-containing heteroatom compounds, aromatic compounds with benzene
ring structures, and oxygen-containing alcohol compounds. FTIR results indicate that
the chemical structure of kerogen is mainly composed of aromatic groups, aliphatic
groups, and oxygen-containing groups. 1>*C NMR results suggest that aromatic carbon
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forms the main framework of the kerogen structure. XPS experimental results show
that fluorine exists in the form of ions in kerogen, while nitrogen exists in the forms
of pyridine, pyrrole, amines, and nitrogen oxides, and sulfur exists in three forms:
thiophene-type, sulfone-type, and sulfoxide-type sulfur.

(2) Shale oil molecules preferentially form an adsorption layer in kerogen pores. As
pore size increases, the number of adsorption layers gradually increases. When the
pore diameter exceeds 8 nm, the density profile of the adsorption layer no longer
changes. As the temperature increases, the peak of the adsorption layer near the
wall decreases with temperature, while the peak of the adsorption layer farther from
the wall shows minimal reduction. Pressure has a limiting effect on the adsorption
amount of dodecane molecules.

(3) With an increase in pore size, the adsorbed oil content gradually decreases, but
the overall reduction is less than 20%. After the pore diameter exceeds a certain
threshold, the change in shale oil adsorption becomes negligible. Meanwhile, the
amount of shale oil adsorbed decreases significantly with increasing temperature,
with a total reduction exceeding 50%. This suggests that in comparison with pore size,
temperature has a stronger effect on shale oil adsorption.
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