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a b s t r a c t

Carbon isotope fractionation served as a key geochemical indicator for understanding shale gas storage 
and migration. However, the detailed mechanism of the fractionation behaviors of methane isotopes
( 12 CH 4 / 13 CH 4 ) was still limited, especially under two-phase flow. This study employed molecular dy-
namics (MD) simulations to investigate water-mediated nonlinear isotope transport in 3 nm hydrophilic 
silica nanopores, highlighting gas-liquid-solid interfacial effects on fractionation mechanisms. Simula-
tions of different water saturation (0%–44.66%) showed a critical hydration threshold of 30.44% at a 
pressure gradient of 20 MPa. Below this threshold, continuous water film formed on pore walls, which 
transformed the gas transport from surface diffusion to viscous flow through gas-liquid interactions, 
while hydrogen bonds in the water film weakened gas-solid slip effects. However, when water satu-
ration exceeded 30.44%, the formation of water bridges blocked the mobility of isotopic gases. The water 
film reduced the depth of solid-gas potential wells, leading to diminished adsorption capacity for iso-
topic gases, and lowered the surface roughness of pore walls (as characterized by potential energy 
surface, PES). Additionally, the water film enhanced the Knudsen diffusion effect of isotope gases due to 
the decrease in effective pore size. As a result, the formation of water film intensified methane isotopic 
fractionation, which was manifested as a decrease in the 13 CH 4 / 12 CH 4 diffusion coefficient ratio (D*/D)
from 0.975 to 0.942 and an increase in isotopic enthalpy differences (Δh12 C− 13 C ) from 0.105 to 1.139 J/m 3 .

Furthermore, in the gas-liquid-solid interfacial system, an elevated pressure differential modified the 
relative motion velocities among the methane-water-pore surface, resulting a non-monotonic isotopic 
fractionation trend (initial increase followed by decrease). These findings provided molecular-level 
insights into the complex isotopic fractionation in shale gas systems.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

As essential clean energy resources, shale gas and coalbed 
methane (CBM) have gained growing significance in global energy 
supplies (Wan et al., 2023; Chen et al., 2024). The efficient 
exploitation of shale gas poses challenges owing to its limited 
porosity and permeability (Sun et al., 2021; Feng et al., 2023; Xiao 
et al., 2023). Due to the multiple transport mechanisms of

methane (e.g., Fick diffusion, Knudsen diffusion, slip flow, and 
Darcy flow) in nanopores and its complex flow characteristics, 
predicting production capacity is challenging (Chen and Horne, 
2006; Yu et al., 2020a). Therefore, isotope tracer technology is 
needed to study and understand these processes more effectively 
(Sun et al., 2018). Recently, the isotopic composition of methane 
has been used to estimate the gas saturation of shale reservoirs 
and reveal the characteristics of gas production stages for the tight 
shale gas formations, the genesis, migration mode and maturity of 
shale gas (Qu et al., 2016; Yu et al., 2020c).

The transition from continuous flow to non-equilibrium 

transport states (e.g., Knudsen diffusion) in nanoscale pores in-
duces mass-dependent kinetic fractionation in methane isotopes
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(Mo et al., 2022; Wang et al., 2022). Heavier 13 CH 4 molecules 
exhibit enhanced energy dissipation compared to 12 CH 4 molecules 
due to isotopic mass-modulated collision cross-sections, adsorp-
tion-desorption hysteresis, and translational-rotational decou-
pling (Chen et al., 2020; Xia and Tang, 2012). This velocity 
differential drives isotopic separation and challenges the classical 
fluid dynamics models of gas transport in unconventional reser-
voirs (Wu et al., 2015; Veltzke and Th € oming, 2012). In addition, the
activation energy required for the diffusion of 13 CH 4 molecules is 
slightly higher than that of 12 CH 4 molecules, which further en-
hances the isotope fractionation process (Zhang et al., 2025). 
Methane isotope fractionation is governed by pore-scale physi-
cochemical controls, including organic/inorganic pore architec-
ture, surface topographic heterogeneity, and interfacial wettability 
dynamics (Zhang et al., 2020b; Gong et al., 2020). The amplitude of 
carbon isotope fractionation scales positively with total organic 
carbon (TOC) saturation and inversely with clay mineral abun-
dance (Wei et al., 2021; Liu et al., 2023). In addition, molecular 
dynamics simulations revealed that the degree of isotope frac-
tionation in organic pores (OP) was more significant than that in 
inorganic pores (IP) (Wang et al., 2021a). This is because the high-
coverage adsorption in OP enhances the Knudsen diffusion effect 
by reducing the effective pore size, thereby increasing the level of 
carbon isotope fractionation (Xia and Tang, 2012; Chen et al., 
2023). Moreover, compared with inorganic pores, the surface of 
organic pores is smoother, and their frequent specular reflection 
enhances the difference in diffusion ability of 12 CH 4 and 13 CH 4 
isotopes (Wang et al., 2021a).

Organic and inorganic pores in shale exhibit distinct wettability 
characteristics, with organic pores typically being hydrophobic 
and inorganic pores hydrophilic (Zhang et al., 2020a; Arif et al., 
2021). This difference in wettability, combined with the ubiquity 
of moisture in shale nanopores, regulates the transport and stor-
age mechanisms of fluids (Wang et al., 2017a). In hydrophobic 
organic pores, water molecules are concentrated to form water 
clusters, whereas in hydrophilic inorganic pores, water forms 
layered films on the pore surface (Xu et al., 2020; Zhang et al., 
2019; Xiang et al., 2014). The water molecules within the shale 
matrix not only affect the adsorption behavior of methane iso-
topes, but also significantly influence their transport capacity 
(Babaei et al., 2023; Mo et al., 2020). Specifically, hydrophilic 
inorganic pores preferentially adsorb water, reducing methane 
isotope adsorption affinity (Wang et al., 2017b; Liu et al., 2018). 
Concurrently, the water film diminishes effective pore radius, 
imposing nanoconfinement effects that restrict gas flow and 
suppress isotopic diffusion (Bui et al., 2017). The presence of water 
film changes the roughness of the surface of the inorganic pore 
wall (Yang et al., 2024), influencing methane isotopes’ mobility, 
slip behavior, and isotopic fractionation dynamics (Zhan et al., 
2020; Nan et al., 2020). However, this critical mechanism remains 
underexplored in current research.

Methane isotope molecules and water molecules exhibit a 
complex two-phase transport process in the shale nanopores (Yu 
et al., 2020c; Mo et al., 2020). The nonlinear adsorption/desorption 
and diffusion behaviors of water and gas molecules result not only 
in molecular fractionation but also in isotope fractionation (Liu 
et al., 2020). In the presence of water, the interaction dynamics 
shift from gas-solid interactions to more complex gas-liquid-solid 
interactions (Qin and Suckale, 2017). In the gas-solid interaction 
stage, methane isotope molecules are mainly bound to the pore 
wall surface through weak interaction forces such as Van der 
Waals forces and electrostatic forces (Zhang et al., 2020b). How-
ever, the presence of water molecules leads to strong interaction 
forces such as hydrogen bonds between methane isotope mole-
cules and the solid surface of the pore wall (Merzel and Avbelj,

2020; He et al., 2014). This action leads to an anisotropic change in 
the angular distribution function of methane molecules after 
collision, which deviates from the classical Knudsen diffusion 
model (Aranovich and Donohue, 2009). Thus, different intermo-
lecular collisions between methane isotopes, water molecules and 
pore walls, as well as different collision frequencies, lead to 
different momentum losses during molecular transport, thereby 
causing changes in isotope fractionation (Richter et al., 2006). 

Although there are many relevant studies on the flow dynamics 
of methane and water in shale matrices, significant gaps remain in 
the research on the isotopic fractionation of inorganic pore two-
phase flow in shale reservoirs. Under these conditions, the 
particular alterations in methane isotope fractionation remain 
inadequately investigated.

In this research, grand canonical Monte Carlo (GCMC) and 
molecular dynamics simulations (MD) were employed to explore 
the carbon isotope fractionation of methane ( 12 CH 4 and 13 CH 4 ) 
within inorganic nanopore under two-phase flow conditions. 
Firstly, the impact of water saturation on the existence state of 
isotope gas molecules within inorganic pore channels was studied. 
Secondly, the variations in specific enthalpy and diffusion behavior 
of isotope gases under different water molecular saturations were 
compared. Finally, the effect of the presence of water on the 
diffusion process of isotopes and the degree of fractionation in 
hydrophilic nanopores were analyzed via water-solid-gas 
interactions.

2. Simulation details

The shale matrix consists of inorganic and organic materials, 
with silica being a key mineral found in numerous shale forma-
tions (Gong et al., 2020; Hantal et al., 2014). Therefore, a silica 
channel with dimensions of x = 4.4 nm, y = 13.5 nm, and 
z = 6.1 nm, featuring the pore diameter of 3 nm, has been con-
structed for simulating isotope fractionation in a gas-water two-
phase flow system as illustrated in Fig. 1. At the initial stage of the 
simulation, methane and water molecules were randomly 
distributed within the nanochannels. As the system reached 
equilibrium state, a distinct phase separation between methane 
and water became evident (Fig. 2).

2.1. Molecular models

Van der Waals interactions are pivotal in shaping the dynamic 
interplay between pore wall atoms and isotopic gas molecules, 
namely 12 CH 4 and 13 CH 4 . The relationship between these gas 
molecules and the wall atoms is characterized by the 12-6 Len-
nard-Jones (12-6 LJ) potential (Martin and Siepmann, 1998).

u LJ 
( 
r ij 
) 
= 4ε ij 

[(
σ ij 
r ij

) 12 

− 

(
σ ij 
r ij

) 6 ] 

(1)

where, r ij is the distance separating the molecules at the sites i and 
j, ε ij and σ ij represent the potential well depth and its zero-crossing 
distance, respectively. The values of ε ij and σ ij for various atom 

types are determined using the standard Lorentz-Berthelot mixing 
rules

ε ij =
̅̅̅̅̅̅̅̅̅ 
ε i ⋅ε j 

√ 
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( 
σ i + σ j 

) / 
2 (2)

The parameters of silicon dioxide, water molecules, and 
methane molecules were detailed in Table 1.

Isotopic methane molecules were regarded as a single atom 

model because they possess relatively weak octupole moments.
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For water molecules, the SPC/E model was adopted, considering 
water as a rigid molecule. The long-range electrostatic forces were 
calculated using the particle-particle-particle-mesh (PPPM) 
method with a precision of 10 − 4 (Darden et al., 1993). The SHAKE 
algorithm was employed to constrain the O–H bond and the 
H–O–H angle, which maintained the geometry of the water 
molecule during the simulation.

The cutoff distance was established at 1.35 nm, with shift 
correction implemented to the LJ interactions. All simulations 
were performed using the Large-Scale Atomic-Molecular 
Massively Parallel Simulator (LAMMPS) software.

2.2. NEMD simulations

In the research, the GCMC simulation method was employed to 
investigate the generation process of methane molecules in inor-
ganic nanopores with varying quantities of water molecules. In 
addition, the non-ideal gas effect in enclosed geometry needs to be 
considered, and the fugacity coefficient in the GCMC simulation 
was set by adopting the Peng-Robinson equation of state (Wang 
et al., 2019; Thomas and McGaughey, 2009). In the GCMC

simulation, the number of water molecules in the two-phase flow 

was set between 0 and 800, and the temperature was regulated by 
the Nose-Hoover thermostat and set at 350 K (Wang et al., 2021b). 
Each GCMC simulation lasted for 1 × 10 5 steps with a duration of 1 
fs per step. Equilibrium molecular dynamics (EMD) simulations 
were conducted to characterize the spatial distribution of methane 
isotopes and water molecules in inorganic nanopores. Analysis 
was performed on the final 2 ns of equilibrated trajectories to 
ensure statistical reliability. The composition of the simulation 
system and the corresponding water saturation were summarized 
in Table 2.

After obtaining the equilibrium configuration, the transport 
properties of isotopes ( 12 CH 4 and 13 CH 4 ) in the two-phase flow of 
inorganic nanopores were investigated using non-equilibrium 

molecular dynamics (NEMD) simulations. To stimulate flow 

through the nanopores, an equal external force was exerted on 
each molecule in the flow direction (y-direction). The force can be 
expressed as follows (Todd et al., 1995):

f =
ΔP × A 

N
(3)

where N represents the number of fluid molecules within the 
system (including methane isotope molecules and water mole-
cules) and A is the cross-sectional area of the inorganic pores. 

The NEMD simulation was conducted under the canonical 
ensemble (NVT). To eliminate the effect of transfer velocity, in the 
NEMD simulation, the Nose-Hoover thermostat was linked to the 
fluid degrees of freedom perpendicular to the direction of flow. 
The total duration of the simulation was 20 ns, and data collection 
was conducted during the final 15 ns after the system reached a 
steady state.

Fig. 1. Model of methane and water transport in silica nanopores: (a) no water in the 
model channel; (b) coexistence of methane and water in the model channel. The 
green spots represent water molecules, and the purple spheres are methane 
molecules.

Fig. 2. A snapshot of water molecules and methane molecules during the simulation.

Table 1
LJ force field parameters and particle charges for MD simulations (Chen et al., 2017; 
Zhang et al., 2021; Randall and Andrey, 2004).

Particle type Mass, g/mol ε, kcal/mol σ, Å q, e

O (H 2 O) 15.999 0.155 3.166 − 0.8476 
H (H 2 O) 1.008 0 0 0.4238 
12 CH 4 16 0.294 3.750 0
13 CH 4 17 0.294 3.750 0 
S i 28.086 1.84 × 10 − 6 3.302 2.1000
O (S i O 2 ) 15.999 0.155 3.166 − 1.0500
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2.3. Definitions

2.3.1. Slip length
The slip is caused by the friction force and shear stress of the 

liquid on the interface, and the slip length is the extrapolated 
distance relative to the interface where the fluid velocity vanishes 
(Nan et al., 2020). The slip lengths of isotopologues (L s and L s * , 
where the parameters with asterisks refer to 13 CH 4 ) are as follows

⎧
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(4) 

where R represents the pore radius, μ denotes the viscosity, ∂p
∂z in-

dicates the pressure gradient, Q denotes the MD volumetric flow 

rate.

2.3.2. Transport diffusion coefficients
The transport diffusion coefficient is a general parameter used 

to describe the migration capacity of isotopologues under various 
pressure conditions. The transport diffusivity coefficient in NEMD 
simulations can be calculated as (Bhatia and Nicholson, 2003; 
Kazemi and Takbiri-Borujeni, 2016)

D = 
k B Tj 
ρF

(5)

where k B represents the Boltzmann constant, F denotes the
applied external force, T expresses the temperature and j and ρ 
refer to the mean mass flux and average gas density in the pores, 
respectively.

2.3.3. Specific enthalpy
During wall fluid scattering, the loss of energy at the interface 

leads to an increase in particle energy (enthalpy) of the particles 
(Fu et al., 2017). The specific enthalpy indicates the energy transfer 
of molecules within a confined area (Farago, 2019). The local 
specific enthalpy can be represented as (Fu et al., 2017)
{ 
h(z) = u(z) + p(z)
h(z * ) = u(z * ) + p(z * ) 

(6)

where u(z) represents sum of the kinetic and potential energy, and 
p(z) expresses the virial pressure expression. Due to the different 
flow behaviors exhibited by isotopic gases, the kinetic and po-
tential energies of isotopic methane gases near the surface of the 
pore wall vary (Zhang et al., 2020b). As a result, the enthalpy of the 
isotope methane gas changes as it slides along the wall.

3. Results and discussions

3.1. Density distribution of methane isotopic gas at the equilibrium 

state

Methane isotope fractionation generally occurred in both 
thermodynamic equilibrium and kinetic mechanisms (Xia and 
Tang, 2012). Fig. 3 showed the density distribution of methane 
isotopes in 3 nm pores (ΔP = 20 MPa) under the condition of water 
absence and water presence (with water saturation of 30.44%) at a 
temperature of 350 K. 

In the absence of water in the pore, a density adsorption layer 
was formed between methane molecules and the pore surface due 
to Van der Waals interaction (Sui and Yao, 2016). Moreover, within 
the adsorption layer of nanopores, the density of 13 CH 4 molecules 
was slightly higher than that of 12 CH 4 molecules since 13 CH 4 
molecules with larger physical mass were more easily trapped on 
the pore surface (Liu et al., 2016). The gas density distributions of 
13 CH 4 and 12 CH 4 were also examined in the simulation. Fig. 4 
presented the density profiles of 12 CH 4 and 13 CH 4 at a temperature 
of 350 K and a pressure difference of 20 MPa. The adsorption layer 
density of 13 CH 4 (424.08 kg/m 3 for water-free pore and 278.96 kg/ 
m 3 for water-filled pore) was greater than that of 12 CH 4 (356.39 kg/ 
m 3 for water-free pore and 237.59 kg/m 3 for water-filled pore).
Compared to isotopic gases, water molecules were preferentially 
occupied on adsorption sites of the hydrophilic inorganic pore 
surface, and formed a higher-density adsorption layer.

3.2. Transport properties and mechanisms of 12 CH 4 and 
13 CH 4

3.2.1. Velocity distributions of 12 CH 4 and 
13 CH 4

In the nanopores, movement of isotopic gas molecules in the 
pores was mostly driven by the pressure difference (Liu et al., 
2016). The velocity distributions of 12 CH 4 and 13 CH 4 molecules 
under anhydrous and aqueous conditions at 350 K and 20 MPa 
were illustrated in Fig. 5. It was found that the velocity of isotopic 
gases exhibited a Poiseuille distribution with higher velocity in the 
bulk areas. However, the velocity of the 12 CH 4 molecules was 
higher than that of the 13 CH 4 molecules both under the absence 
and presence of water conditions. This was because 12 CH 4 mole-
cules with lighter mass had higher mobile capacity (Todd et al.,
1995).

In addition, the velocity of the 12 CH 4 and 13 CH 4 isotopic gases
showed a decreasing trend when water molecules were present in
the inorganic pores. This was mainly due to the presence of water
molecules that enhanced the viscous interaction between 
methane molecules, thereby inhibiting their flow velocity (Zheng 
et al., 2023). In hydrophilic nanopores, the presence of the water 
film in gas-liquid two-phase flow reduced the effective radius of 
the pores, intensifying the confinement effect on gases and 
consequently leading to a decline in the velocity of isotopic gases. 
Furthermore, the reduction in effective pore size (D eff ) resulted in 
an increase in the Knudsen number (Kn), which enhanced the non-
continuum flow effects observed in isotopic gases.

3.2.2. Water distribution on the inorganic pore
The inorganic pores formed hydrogen bonds with water mol-

ecules due to their hydrophilic groups (Christoph Hartnig and 
Rovere, 2000). When the water saturation was 7.61% and 15.23%, 
the water molecules formed a thin water film inside the channel, 
and the isotope gas molecules had a large diffusion area (Fig. 6(a) 
and (b)). Due to the non-uniform distribution of hydroxyl groups 
on the surface of silica, under low water saturation conditions, 
water molecules were preferentially adsorbed to the hydrophilic 
region with high hydroxyl density on the surface through

Table 2
The composition of the simulation system (water saturation is calculated by 

equation S w = 
V H 2 O
V pore

× 100%).

Water molecules Methane molecules Water saturation, %

0 915 0
200 871 7.61
400 802 15.23
600 776 30.44
800 704 44.66
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hydrogen bonding (Collin et al., 2018). This led to local nucleation 
and clustering, and finally resulted in the formation of a water film 

with heterogeneous characteristics. As the water saturation

increased to 30.44%, the water molecules adsorbed on the wall 
surface began to connect with each other gradually, leading to a 
reduction in the effective flow area within the pore (Fig. 6(c)).

Fig. 3. Density distribution of CH 4 and H 2 O molecules in inorganic pores of (a) no water; (b) water saturation (30.44%).

Fig. 4. Maximum gas density layer of (a) no water; (b) water saturation (30.44%).

Fig. 5. Velocity profiles of 12 CH 4 and 13 CH 4 molecules in (a) no water; (b) water saturation (30.44%).
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Fig. 6. The distribution of water within silica channels at different water saturation: (a) 7.61%; (b) 15.23%; (c) 30.44%; (d) 44.66%.

Fig. 7. Potential energy surface (PES) maps of (a) anhydrous pore surface; (b) hydrous pore surface.

Fig. 8. Slip length (a) at different water saturation and (b) at different pressure gradients.
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Water bridges formed when the water saturation exceeded 
30.44%, the presence of water bridges hindered the movement of 
isotopic gases within the channel (Fig. 6(d)).

3.2.3. Potential energy distributions
The roughness of the pore wall was changed by the presence of 

water in the channel. The nanoscale surface roughness was char-
acterized by the potential energy surface (PES) (Yu et al., 2020a). 
Therefore, the roughness could be determined by calculating the 
standard deviation of the PES (Yu et al., 2020b; Wang et al., 2021a), 
which was a critical factor affecting isotope fractionation. The 
potential energy profiles under anhydrous and hydrous conditions 
were illustrated in Fig. 7(a) and (b), respectively. The potential 
energy range of the anhydrous wall surface 
(minimum: − 0.1248 kcal/mol; maximum: − 0.049 kcal/mol) was 
lower than that of hydrous wall surface (minimum: − 0.1242 kcal/ 
mol; maximum: − 0.048 kcal/mol). This indicated that the hydro-
philic pores had a stronger adsorption capacity for methane in the 
absence of water due to the deeper potential well depth exerted by 
the pore walls on gas molecules.

The PES roughness for the anhydrous pore (0.02499 kcal/mol) 
was higher than that for the hydrous pore (0.002457 kcal/mol), 
suggesting that the hydrous pore surface was smoother than the 
anhydrous pore surface. The smoother surface pores exhibited 
enhanced specular reflection of methane isotopologues, which 
promoted rapid surface diffusion and frictionless gas flow (Yu 
et al., 2020b). As a result, methane isotope fractionation was 
intensified when water molecules were present in silica channels.

3.2.4. Slip length
Based on the magnitude of the Knudsen number, the main form 

of flow transport of isotopes in the pores was located in the 
transition flow (Zhang et al., 2019), where a certain degree of slip 
effect was present in the motion of isotopic gases. Fig. 8 showed 
the slip lengths of 12 CH 4 and 13 CH 4 , it was found that the slip 
length of 12 CH 4 exceeded that of 13 CH 4 . As compared to 12 CH 4 
molecules, 13 CH 4 molecules had more friction and less slip due to 
their greater physical mass, resulting in reduced slip lengths. The 
variation in slip lengths of isotopic gases under varying water 
saturation conditions at a constant pressure (20 MPa) was given in 
Fig. 8(a). The slip lengths of both 12 CH 4 and 13 CH 4 molecules 
exhibited a monotonic decreasing trend as the water molecule 
saturation increased. Inorganic pores with rough surfaces under-
went negligible slippage due to the large consumption of 
tangential momentum of methane isotopes (Yu et al., 2020b). 
Additionally, the formation of the water film reduced the effective 
flow area for isotope molecules, thereby increasing the collision 
frequency between isotope gas molecules, which was manifested 
as enhanced viscous flow. During the collision process, the 
continuous increase in energy dissipation of methane molecules 
led to a decrease in their flow velocity and simultaneously weak-
ened the slip effect.

In addition, the variation in slip lengths of isotopic gases under 
varying driving forces with the same water saturation (30.44%) was 
also given in Fig. 8(b). With the increase of pressure difference, the 
slip lengths of 12 CH 4 and 13 CH 4 molecules both showed a monoto-
nously decreasing trend. With the increase in pressure difference, 
the effective mean free path of the isotope gas diminished (Cao 
et al., 2009). The increase in viscosity led to additional viscous 
dissipation, which reduced boundary slip, resulting in a decreasing 
trend in the slip length (Bao et al., 2017). As a result, the difference in 
slip behavior between 12 CH 4 and 13 CH 4 molecules on the surface of 
inorganic pores in the absence and presence of water had a rela-
tively small impact on the fractionation of methane isotopes.

3.2.5. Enthalpy profiles
The specific enthalpy reflected the energy variation in the 

process of wall-fluid scattering, which resulted in the difference in 
the mobility of isotopic gases (Farago, 2019). The specific enthalpy 
curves of 12 CH 4 and 13 CH 4 molecules with and without water were 
given in Fig. 9(a) and (b). It was found that the specific enthalpy of 
methane molecules varied in a small range in the bulk of the pore

Fig. 9. Special enthalpy at pressure difference (20 MPa): (a) no water; (b) water 
saturation (30.44%); (c) the enthalpy difference of isotope gases under different water 
saturation conditions.
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while it oscillated significantly near the surface of the pore. As the 
molecules approached the wall of the pore, the specific enthalpy 
initially dropped as the molecules neared the bottom of the po-
tential well, and then increased as the molecules were repelled by 
the pore wall and acquired energy. The results were similar to 
Zhang et al. (2020b).

Additionally, the specific enthalpy of the 12 CH 4 molecules was 
higher at both the negative peak point and positive peak point than 
that of the 13 CH 4 molecules, indicating that the 12 CH 4 molecules had 
more potential and kinetic energy than the 13 CH 4 molecules. 
Therefore, there were differences in the specific enthalpy changes 
(ΔH) of 12 CH 4 and 13 CH 4 molecules as they approached the bottom 

of the potential well under both anhydrous and hydrated condi-
tions. Specifically, the specific enthalpy differences (Δh12 C nega and

Δh13 C nega ) between anhydrous and hydrated conditions were

0.69 J/m 3 (11.87 − 11.18 = 0.69) and 1.72 J/m 3 (11.76 − 10.04 = 1.72) 
at negative peak points, respectively. Therefore, higher energy loss 
occurred for 13 CH 4 molecules diffusion in nano-sized pores when 
transitioning from single-phase flow to two-phase flow (water-gas) 
conditions. As the water saturation increased from 0% to 30.44%, the 
enthalpy difference (Δh12 C− 13 C ) between 12 CH 4 molecules and 13 CH 4
molecules gradually increased, indicating that the water molecules 
increased the energy barrier that the isotope gas needed to over-
come during diffusion (Fig. 9(c)). With more water inside the inor-
ganic (hydrophilic) pore, water films were attached to the pore 
surface, leading to a decrease in the effective pore size and a 
reduction in the motion area. These changes resulted in a deeper 
attractive potential which hindered the molecules diffusion in the 
bulk areas. Furthermore, the presence of water molecules enhanced 
the viscous flow of isotope gases. Thus, 13 CH 4 molecules with larger 
physical mass experienced more energy loss during the two-phase 
flow process. As a result, the enhanced enthalpy difference 
(Δh12 C− 13 C ) during two-phase flow led to a more pronounced isotope

fractionation.

3.2.6. Transport diffusivity
In two-phase flow (water saturation: 30.44%), the transport 

diffusion coefficients of both 12 CH 4 (D) and 13 CH 4 (D*) decreased as 
the differential pressure decreased (Fig. 10(a)). The transport 
diffusivity of 12 CH 4 (D) and 13 CH 4 (D*) was of the order of − 9,
which was close to other researches (Charri� ere et al., 2010; Zhang
et al., 2020b). During diffusion, the increase in the driving force 
(differential pressure) accelerated the transport of gas molecules.

Furthermore, the diffusion coefficient of isotopic gases 
decreased as the water saturation increased (Fig. 10(b)) at a constant 
pressure difference of 20 MPa. An increase in water saturation 
resulted in a decrease in pore size, leading to a more pronounced 
confinement effect of the wall surface on gas molecules. Gas-wall 
interactions were more prominent in the smaller pores (Li et al., 
2019), leading to a smaller transport diffusion coefficient. The 
greater physical mass and enhanced interaction energy between the 
gas and the walls led to a more pronounced reduction in the 
diffusion coefficient of 13 CH 4 molecules, as these molecules lost 
more energy during the process. Under all conditions of pressure 
differential and water saturation, D was consistently greater than 
D*. Due to the different physical qualities of 12 CH 4 and 13 CH 4 , the 
12 CH 4 molecules have moved faster than 13 CH 4 (Chen et al., 2016).

3.3. Methane carbon isotope fractionation in two-phase flow

The ratio of the diffusion coefficient (D*) of 13 CH 4 to diffusion 
coefficient (D) of 12 CH 4 is denoted as (D*/D). This ratio is estab-
lished to assess the extent of carbon isotope fractionation (Wang 
et al., 2021a). Thus, the lower the D*/D ratio, the greater the degree 
of isotope fractionation. According to Fig. 11(a), the D*/D values 
exhibited two stages fractionation with the decrease of pressure at 
water saturation of 30.44%. In the initial phase (the pressure dif-
ference decreasing from 20 to 7 MPa), the value of D*/D decreased, 
and then, the D*/D value increased as the pressure was below the 
critical pressure. As previously mentioned, the lighter 12 CH 4 
molecules were preferentially desorbed with the decline in pres-
sure difference, and the degree of methane isotope fractionation 
increased. When the pressure dropped to a critical pressure, the 
heavy 13 CH 4 molecules began to desorb, resulting in a reduced 
degree of isotope fractionation (Li et al., 2022).

Similarly, the D*/D values did not exhibit a monotonically 
increasing trend with the increase in water saturation (Fig. 11(b)). 
After the system reached equilibrium, the isotopic fractionation 
primarily arose from differential diffusion kinetics between the 
isotopic molecules ( 12 CH 4 and 13 CH 4 ) rather than adsorption/ 
desorption dynamics, since the system pressure almost remained 
constant. As the water saturation increased from 0% to 30.44%, the 
D*/D values demonstrated a decreasing trend, in other words, 
fractionation intensified. In this stage, water molecules formed 
water films in the inorganic pores, reducing effective pore size. As 
discussed above, the reduction in effective pore diameter led to an 
increase in the Knudsen number, thereby enhancing the

Fig. 10. Diffusion coefficient (a) at different pressure gradients and (b) at different water saturation.
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discontinuous flow effects of isotopic gases. This finding was 
consistent with the conclusion of Wang et al., which stated that 
the smaller the size of the inorganic pore, the more significant the 
gas isotope fractionation effect (Wang et al., 2021a). The intensi-
fied non-continuous flow between the fluid and the pore surface 
accelerated the fractionation process (Bao et al., 2017; Li et al., 
2019). Therefore, as the number of water molecules increased, the 
diffusion rate of 13 CH 4 molecules decreased more than that of 
12 CH 4 molecules, resulting in an enhancement of the degree of 
isotope fractionation.

When the saturation of water molecules increased further 
(>30.44%), water bridge structures formed within the inorganic 
pores (Fig. 6). The presence of these water bridges significantly 
hindered the movement and diffusion of isotopic gases. In this 
case, the degree of isotope fractionation was weakened due to the 
restricted migration of isotopic gases within the pores.

4. Conclusions

In this study, molecular dynamics (MD) simulations were 
employed to explore the isotopic species ( 12 CH 4 and 13 CH 4 ) frac-
tionation within silica channels under varying water saturation at 
a constant pressure gradient of 20 MPa. The principal findings 
derived from the conducted simulation are delineated as follows:

(1) In hydrophilic nanopores, water molecules predominantly 
occupied the adsorption sites, creating a layer of water film 

(the water saturation <30.44%), which resulted in a decrease 
in the isotopic gas adsorption layer density and enhanced 
the confinement effect of the pore walls on the isotopic 
gases, leading to a reduction in the velocities of both 12 CH 4 
and 13 CH 4 molecules.

(2) When the water saturation in the pores increased from 0% to 
30.44%, the degree of fractionation of methane isotopes 
increased. The diffusion coefficient of 13 CH 4 decreased more 
significantly than that of 12 CH 4 due to the larger molecular 
mass, resulting in a decreasing trend in D*/D. Meanwhile, 
the enthalpy difference (Δh12 C− 13 C ) between 12 CH 4 mole-

cules and 13 CH 4 molecules increased. Water bridges began 
to form in the inorganic pores when the water saturation 
was greater than 30.44%, which hindered the flow of isotope 
gases, and D*/D began to increase.

(3) The enhancement of isotope fractionation effect by water 
confined in hydrophilic nanopores can be attributed to two 
synergistic mechanisms: Firstly, the coupling effect of the 
gas-liquid-solid interface of the water film in hydrophilic 
pores significantly enhanced Knudsen diffusion by reducing 
the effective pore size. Secondly, the presence of the water 
film made the pore wall smoother, thereby increasing the 
difference in the movement of isotope molecules.

(4) In the simulation, the presence of the water film changed 
the relative velocity of the three phases (among methane 
isotopic gases, water, and pore surface) when the driving 
force in the inorganic pore was changed (from 20 MPa to 
1 MPa), and the degree of isotope fractionation showed a 
trend of first increasing and then weakening.

This study advanced the understanding of carbon isotope 
fractionation by integrating aqueous phase effects beyond single-
phase models, better reflecting reservoir conditions. A correlation 
between isotopic fractionation and water saturation was estab-
lished, enabling diagnostic tools to monitor water encroachment 
and optimize production strategies.
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