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Abstract: Research interest in the behavior of methane inside nanopores has been growing, driven by
the substantial geological reserves of shale gas and coalbed methane. The phase diagram of methane
in nanopores differs significantly from its bulk state, influencing its existing form and pertinent
physical properties—such as density and viscosity—at specific pressures and temperatures. Currently,
there is a lack of effort to understand the nanoconfinement effect on the methane phase diagram; this is
a crucial issue that needs urgent attention before delving into other aspects of nanoconfined methane
behavior. In this study, we establish a fully coupled model to predict the methane phase diagram
across various scales. The model is based on vapor-liquid fugacity equilibrium, considering the shift
in critical pressure and temperature induced by pore size shrinkage and adsorption-phase thickness.
Notably, our proposed model incorporates the often-overlooked factor of capillary pressure, which
is greatly amplified by nanoscale pore size and the presence of the adsorption phase. Additionally,
we investigated the impact of surface wettability, correlated to capillary pressure and the shift in
critical properties, on the methane phase diagram. Our results indicate that (a) as pore size decreases,
the methane phase diagram becomes more vertical, suggesting a transition from a gaseous to a
liquid state for some methane molecules, which is contrary to the conventional phase diagram;
(b) enhancing surface wettability results in a more vertical phase diagram, with the minimum
temperature corresponding to 0 MPa pressure on the phase diagram, increasing by as much as
87.3%; (c) the influence of capillary pressure on the phase diagram is more pronounced under
strong wettability conditions compared to weak wettability, and the impact from the shift in critical
properties can be neglected when the pore size exceeds 50 nm.

Keywords: methane phase behavior; nanopores; wettability; adsorption; vapor-liquid co-existence

1. Introduction

Adequate energy supply forms the foundation of economic development and social
stability. Methane, the primary component of natural gas, has been a dominant force in
the commonly consumed fossil energy over the past decades [1,2]. Massive engineering
projects across the world have tried to exploit methane resources from natural gas reservoirs
as much as possible. The methane reserve in conventional gas reservoirs, characterized
by relatively large pore sizes ranging from several microns to thousands of microns, is
inadequate to meet the current growing energy demand [3,4]. As a result, the significant
geological methane reserves in unconventional gas reservoirs, such as shale gas, tight gas,
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and coalbed methane [5,6], have garnered attention. The development of unconventional
gas reservoirs presents a new pathway for obtaining methane. It is worth noting that
the typical pore size in unconventional gas reservoirs falls within the nanoscale [7,8],
comparable to the molecular diameter of methane, which is 0.38 nm. This results in
methane behavior in nanopores being significantly different from bulk methane [9–12].
Furthermore, the classic theoretical framework designed for bulk methane is inadequate
for characterizing the physical properties of nanoconfined methane, including existence
phase, density, viscosity, and so on. As a result, a significant amount of research effort has
been dedicated to shedding light on methane behavior under nanoconfinement.

The focus of most research lies in understanding nanoconfined methane transport
and adsorption capacity, representing gas production and geological reserves, respec-
tively [13,14]. The traditional Darcy function, rooted in the Navier–Stokes (NS) equation,
falls short of predicting nanoconfined methane flow capacity. Discrepancies between
realistic flow capacity in nanopores and that evaluated by the NS equation can be sub-
stantial, reaching several magnitudes [15,16]. This discrepancy arises from boundary slip
in nanopores, where methane molecules near the pore wall exhibit mobility, unlike in
macro-pores [17,18]. In order to bridge this knowledge gap, various boundary conditions,
such as first-order and second-order conditions [19,20], are proposed to modify the NS
equation, considering the boundary slip mechanism. Some scholars argue that intermolec-
ular collisions dominate gas flow in macropores [21,22], while molecule-wall collisions
dominate nanoconfined gas flow. A model for nanoconfined gas flow was established,
superimposing continuum flow capacity and free-molecule diffusion [23,24]. This model
covers gas flow mechanisms over different scales, reverting to the NS equation when the
Knudsen number is less than 0.001 and gradually transitioning to free-molecule diffusion
when the Knudsen number exceeds 10. Despite its theoretical background, the model
aligns well with existing works. While some research provides empirical formulas based
on experimental data using advanced data acquisition methods [25,26], their applicability
is limited, as the current experimental pore sizes are challenging to reach at the nanoscale.
Recent updates in nanoconfined gas flow consider surface roughness, real gas effects, pore
geometry, etc. Regarding nanoconfined gas adsorption, approaches such as molecular
dynamics (MDs) and the lattice Boltzmann method, along with experiments, explore ad-
sorption from a microscopic viewpoint [27,28]. MDs, particularly, is used to calculate
the velocity and relative position of each particle in a simulation box containing tens of
thousands of particles [29,30]. It is valuable for studying competition adsorption on sur-
faces with specific compositions, advancing development in nanopore-rich unconventional
gas reservoirs [31,32]. The lattice Boltzmann method is another theoretical calculation
approach, and the laboratory experiments directly measure gas adsorption capacity in an
in-situ core [33,34]. After this brief review of nanoconfined gas transport and adsorption, it
is crucial to highlight that resolving the phase behavior in nanopores is the initial challenge
before exploring transport and adsorption issues. Methane phase behavior, indicating the
existence phase at specific pressure and temperature conditions, significantly influences
density and viscosity, which are key factors dominating the nanoconfined transport and
adsorption capacity. However, knowledge about nanoconfined methane phase behavior is
still vague, with limited research on bulk and nanopore conditions. In nanopores, capillary
pressure, typically negligible in bulk conditions, must be considered, and the presence
of the adsorption phase near the nanopore wall reinforces its impact. Additionally, the
shift in critical properties [35,36], including critical pressure and temperature, in nanopores
should be incorporated. These factors both distinguish and complicate the understanding
of nanoconfined phase behavior compared to bulk behavior.

In this paper, we establish a comprehensive theoretical framework aligned with
basic thermodynamics theory to delineate the methane phase envelope in nanopores.
This framework incorporates the simultaneous consideration of critical property shifts,
adsorption-phase thickness, and capillary pressure. The paper’s organization is outlined
below. Initially, Section 2 presents the specific differences in methane phase behavior
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across various pore scales, illustrating the influences of adsorption-phase thickness and
capillary pressure. Subsequently, a theoretical model is developed based on liquid-vapor
fugacity equilibrium, with the model’s reliability well-verified through nanoconfined phase
behavior primarily measured by MDs. Following this, a sensitivity analysis is conducted to
reveal the impact of factors, such as pore size, surface wettability, capillary pressure, and
the shift of critical properties, on nanoconfined methane phase behavior. Lastly, several
conclusions are drawn.

2. Physical Model

Before establishing the model for the nanoconfined methane envelope, it is crucial to
understand the fundamental mechanisms that contribute to the abnormal phase behavior
in nanopores compared to the macroscale. As illustrated in Figure 1, gas molecules freely
distribute inside macropores, where the pore size is thousands of times that of the molecular
size. Consequently, the influences exerted by the pore surface can be neglected. Simultane-
ously, the capillary pressure, representing the difference between vapor phase pressure and
liquid phase pressure at vapor-liquid coexistence, can be overlooked, approaching zero as
the pore size becomes significantly large [37,38]. In contrast, when the pore size shrinks
to the nanoscale and becomes comparable to the molecular size, molecular adsorption
resulting from molecule-wall interactions plays a crucial role in influencing gas behavior.
Initially, the adsorbed molecules occupy space near the pore surface, further reducing the
pore size [39,40]. Meanwhile, the critical properties exhibit a noticeable decline tendency
with the reduction in pore size, especially when the pore size falls within the nanoscale.
More importantly, capillary pressure experiences a significant increase within nanoscale
pore sizes, leading to a substantial variation in the nanoconfined gas envelope. Unfor-
tunately, the magnitude and the specific way these factors, including adsorption-phase
thickness, capillary pressure, and shifted critical properties, affect nanoconfined phase
behavior remain open questions. This work aims to address and fill this knowledge gap.
Unraveling this issue would provide a clear understanding of the gas’s existence state at
given pressure and temperature conditions. It would also offer reliable estimates of gas
density and viscosity, laying a solid foundation for research on gas transport and adsorption
in nanopores.
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Several preconditions, simplifying the procedures for establishing the model, are
outlined below. Firstly, the nanopore geometry is assumed to be a circle, and the surface is
considered completely smooth. It is assumed that a virtual line exists that distinguishes the
adsorption phase from the bulk-like phase in nanopores. The molecular behavior in the
bulk-like region follows basic thermodynamics theory. Additionally, the thickness of the
adsorption phase is assumed to be consistent regardless of relative positions. Furthermore,
it is assumed that molecular adsorption does not influence the wettability effect that the
pore surface imposes on bulk-like molecules in nanopores.
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3. Model Establishment

While the influence of surface molecules on confined gas molecules in nanopores
differs from that in macropores, molecular behavior still adheres to fundamental thermo-
dynamics. Therefore, in this work, the proposed model is developed based on liquid-
vapor fugacity equilibrium derived from the modified PR-EOS. This model considers the
adsorption-phase thickness and shifted critical properties, as well as capillary pressure.

3.1. Adsorption-Phase Thickness

As illustrated in Figure 1, the adsorption phenomenon takes place in nanopores; its
thickness will occupy the space near the pore surface. It should be noted that adsorption
molecules are arranged tightly and orderly [41,42], and this is apparently different from
the freely distributed bulk-like molecules. As reported, adsorption-phase molecules tend
to behave like those in a solid phase, which is hard to describe by using the mentioned
PR-EOS. At the same time, the presence of the adsorption phase narrows the effective pore
space where bulk-like molecules fill. Zhang et al. (2019) proposed a formula correlating
adsorption-phase thickness to pore size [43] and gas molecular molar weight, which is
provided below. The correlation suggests the adsorption-phase thickness enlarges with the
decline in pore size, which is able to reach agreements with existing MDs and experiments
on gas adsorption capacity.

Had =
α

ln(m)
+

β

m
(1)

m =
R
σ

(2)

α = −8.314 × 10−5MW2 + 2.0475 × 10−2MW + 3.0886 × 10−2 (3)

β = −6.3565 × 10−5MW2 + 3.155 × 10−2MW − 0.58538 (4)

where m is the characteristic pore size with the definition as a ratio of pore radius (R) to
molecular diameter; the concrete formula is Equation (2), which is dimensionless; σ is
molecular gas diameter, which is 0.38 nm since the gas type is methane; MW is the methane
molar weight: 16 g/mol.

In accordance with Equations (1) and (2), adsorption-phase thickness (Had) can be
readily obtained, and the effective pore size that equals the original pore radius minus
Had can be obtained as well, which can be utilized in calculating capillary pressure as well
as shifts in the critical properties.

3.2. Shift in Critical Properties

Lots of experimental evidence and simulation data from molecular dynamics indicate
that the critical pressure and critical temperature of nanoconfined substances would decline
to a certain extent, considering that they are key underlying mechanisms for abnormal
phase behavior in nanopores. With the motivation of capturing the relationship between
the shift in critical properties and nanopore dimension, a great deal of models designed to
reproduce the nanoconfined critical properties have been developed. Notably, the majority
of the existing models use empirical formulas by fitting experimental data or simulations
collected from previous research [44,45], lacking the necessary theoretical background.
Meanwhile, some models are derived from the thermodynamic EOS modified by surface-
molecule interactions. However, the fatal deficiency these models mainly suffer from
is overlooking the wettability effect; in the other words, the outputs yielded from the
models fail to characterize the nanoconfined phase behavior by varying surface contact
angle. In this regard, the model that is rooted in modified EOS and density function theory
(DFT) proposed by Feng et al. (2021) is employed here [46], which considers the impact
of pore size shrinkage and wettability effect simultaneously. Particularly, the adsorption-
phase thickness reducing the pore size is properly considered in Equations (5) and (6) by
updating the correlation for characteristic pore size from m to me. In accordance with
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the following formulas, a shift in magnitude is related not only to pore size but also
to the wettability effect, which would increase as the surface contact angle decreases.
The surface-molecule interaction strength intensifies with a stronger wettability effect,
indicating more molecules would be affected by surface molecules, which further suggests
that nanoconfined molecules behave more differently compared to bulk-like molecules.

Tcb − Tc

Tcb
=

τ

me
(5)

Pcb − Pc

Pcb
=

τ

me
(6)

me =
R − Had

σ
(7)

τ = ξ × χ (8)

χ = 0.65 ln(
180

θ
) (9)

where Tcb and Pcb are methane’s critical temperature and critical pressure in the bulk
condition, respectively; Tc and Pc are nanoconfined critical temperature and critical pressure
(considering the shift), respectively; me is the effective characteristic pore size, defined as
the ratio of effective pore size to molecular diameter, which is dimensionless; τ captures
the relative strength between intermolecular interactions and molecule-surface interactions,
which is dimensionless; ξ is the constant coefficient, which is 0.56 for cylindrical nanopores;
θ is the contact angle, the direct parameter characterizing wettability effect, in ◦.

3.3. Capillary Pressure

In essence, capillary pressure is the pressure difference between vapor-phase pressure
and liquid-phase pressure, which is inversely proportional to pore size. As a result, capillary
pressure cannot be neglected at the nanoscale, which turns out to be relatively good
at dramatically varying vapor-phase density and liquid-phase density [47,48], further
affecting phase behavior. Notably, when compared with the conventional formula for
capillary pressure, Formula (11) (designed for nanoconfined capillary pressure) takes into
account the adsorption-phase thickness. At the same time, the capillary pressure that may
change direction as the contact angle changes is presented by Equation (10).

Pnw = Pw + Pc (10)

Pc =
2σc cos θ

r − Had
(11)

where Pw and Pnw are the wet phase pressure and non-wet phase pressure, respectively;
σc is the surface tension, mN/m; Pc is the capillary pressure, MPa.

3.4. Vapor-Liquid Fugacity Equilibrium

Fugacity means the potential a molecule has to leave its original group. As for a stable
system containing both a vapor phase and a liquid phase, it is natural to summarize that
the condition for equilibrium is where the vapor-phase fugacity is equal to the liquid-phase
fugacity. The mentioned basic equilibrium condition comes from the profound theory of
molecular-phase behavior in a bulk situation. As discussed, although adsorption, shifted
critical properties, and an enlarged capillary pressure varies nanoconfined phase behavior,
the basic condition for fugacity equilibrium still holds. However, the concrete way to
calculate fugacity changes when incorporating the above mechanisms in this work.

At first, the profound classic PR-EOS equation is provided, as per Equations (12)–(16).
Notably, some research has modified the primary PR-EOS equation by, e.g., adding terms
to describe surface-wall interactions. These modified PR-EOS equations are designed to
incorporate the mentioned mechanisms (mainly the shifted critical properties) by using



Processes 2024, 12, 215 6 of 16

the formula itself. In contrast, in this work, the mechanisms, including shifted critical
properties, adsorption-phase thickness, and capillary pressure, are incorporated by utilizing
a complete calculation procedure, as presented in Figure 2. Therefore, the original PR-EOS
is employed here, and the above mechanisms are coupled in the calculation procedures.

P =
RT

Vm − b
− a

Vm(Vm + b) + b(Vm − b)
(12)

a = 0.45724
R2T2

c
Pc

α (13)

b = 0.0788
RTc

Pc
(14)

α = [1 + κ(1 −
√

T/Tc)]
2

(15)

κ = 0.37464 + 1.54226ω − 0.26992ω2 (16)

where P and T are the pressure and temperature, respectively; R is the universal gas
constant, 8.314 J/mol/K; Vm is the molar volume, m3/mol; ω is the acentric factor, which
is dimensionless.
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It should be highlighted that the shifted critical properties (Pc, Tc) are used here,
instead of Pcb and Tcb, to reproduce bulk-molecule-phase behavior. Equation (12) can
be transformed into the following Equations (17) and (18) in terms of vapor-phase and
liquid-phase compressibility. The inherent factor distinguishing Equations (17) and (18)
is the capillary pressure; as a result, the basic parameters, such as AL, BL, AV, and BV, are
obtained by using liquid-phase pressure (PL) and vapor-phase pressure (PV), respectively.
The influence of capillary pressure on nanoconfined phase behavior is embodied here.

Z3
L − (1 − BL)Z2

L + (AL − 3B2
L − 2BL)ZL − (ALBL − B2

L − B3
L) = 0 (17)

Z3
V − (1 − BV)Z2

V + (AV − 3B2
V − 2BV)ZV − (AV BV − B2

V − B3
V) = 0 (18)

AL =
aPL

R2T2 (19)

BL =
bPL
RT

(20)

AV =
aPV

R2T2 (21)

BV =
bPV
RT

(22)

where ZL and ZV are liquid-phase and vapor-phase compressibility, respectively; PL and
PV are liquid-phase pressure and vapor-phase pressure, respectively.

Furthermore, the molar density for the liquid phase (ρL) and vapor phase (ρV) can be
obtained by using the following expressions.

ρL =
PLZL
RT

(23)

ρV =
PV ZV

RT
(24)

Then, according to the Parachor model, the methane surface tension can be calculated
based on the liquid-phase and vapor-phase molar densities. The Equation (25) is utilized to
calculate capillary pressure.

σc = (paρL − paρV)
n (25)

where Pa is the methane Parachor; n is an empirical coefficient, which is 4 in this work.
After that, the liquid-phase and vapor-phase fugacity coefficients have the following

expressions, as presented by Equations (26) and (27); moreover, the liquid-phase and vapor-
phase fugacity can be calculated, respectively, by multiplying the fugacity coefficient with
pressure. The fugacity equilibrium is described by Equation (28).

ln ϕL = − ln(ZL − BL) + (ZL − 1)− AL

2
√

2BL
ln

ZL + (1 +
√

2)BL

ZL + (1 −
√

2)BL
(26)

ln ϕV = − ln(ZV − BV) + (ZV − 1)− AV

2
√

2BV
ln

ZV + (1 +
√

2)BV

ZV + (1 −
√

2)BV
(27)

ϕLPL = ϕV PV (28)

where ΦL and ΦV are the liquid-phase and vapor-phase fugacity coefficients, respectively.
As depicted in Figure 2, the procedures to determine the methane phase envelope are

provided in detail. There are two iterative calculations in the provided procedures. At first,
PL, the liquid-phase pressure at the inputted temperature, should be guessed. Then, in
accordance with the calculation procedures, the liquid-phase and vapor-phase fugacity can
be obtained, and their difference is calculated. The guessed PL would be the right solution
if the difference is less than the allowed accuracy; otherwise, a new PL should be guessed,
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and the calculation procedures executed again. At the same time, an iteration calculation
on capillary pressure is performed as well. Similarly, capillary pressure as a function of the
liquid-phase and vapor-phase molar densities cannot be accurately obtained at the initial
point; therefore, a guessed Pc is utilized at first. Then, after calculating ZV, ZL, ρL, and ρL,
capillary pressure can be calculated by using the Parachor model. Then, if the guessed
Pc and the calculated Pc are a good match, then the capillary pressure is obtained; otherwise,
one should give another guess for Pc and iterate the procedures. In short, the calculation
procedures above consider the adsorption-phase thickness, shifted critical properties, and
capillary pressure well, and the nanoconfined methane phase behavior can be presented.

4. Model Validation

In order to assess the reliability of the proposed model, three datasets for the methane
phase diagram, which were obtained by using various approaches, including molecular
simulation, the Lattice Boltzmann method, and modified EOS, are compiled. Given the
intricacies involved in precisely characterizing nanoconfined methane phase behavior,
leveraging results from multiple research approaches offers a comprehensive and relatively
objective evaluation of the proposed model. In addition to considering the influence of
pore size, the wettability effect closely linked to surface type is taken into account. For
the simulation by Jin et al. (2017) [49], the surface type was graphite, exhibiting a certain
affinity for methane. Therefore, a contact angle of 60◦ was inputted into the proposed
model when reproducing the bulk methane phase behavior. The contact angle inputted to
reproduce the results in Huang et al. (2020) [50] is 76◦, which is consistent with the contact
angle used in this work. Notably, Wang and Aryana (2020) [51] omitted consideration of
capillary pressure; consequently, the inputted contact angle was set at 90◦, resulting in zero
capillary pressure in this case (see Table 1).

Table 1. Basic parameters collected to reproduce nanoconfined methane behavior.

Contributions Approach Pore Size Surface Type Inputted Contact
Angle

Jin et al., 2017 [49] Molecular
simulation Bulk Graphite 60◦

Huang et al., 2020 [50] Lattice Boltzmann
Method 10 nm Contact angle is 76◦,

as reported 76◦

Wang and Aryana,
2021 [51] Theoretical model 5 nm / 90◦

In this section, the key parameter under comparison is the saturation vapor and liquid
densities at different temperatures, as illustrated in Figure 3. At a specified temperature,
two densities emerge in accordance with the saturation curve in Figure 3; the greater one
represents the liquid-phase density, and the other is the vapor-phase density. Notably,
the proposed model demonstrates excellent agreement with the results from previous
research. However, a relatively large error is observed between the proposed model and
that of Wang and Aryana (2021) [51]. This deviation may be attributed to the absence
of consideration for adsorption-phase thickness in Wang and Aryana (2021) [51]. The
adsorption-phase thickness narrows the pore size, further enhancing the magnitude of
the shift in the critical properties. In summary, it can be asserted that the proposed model
effectively reproduces the methane phase behavior in nanopores, as indicated by the
current references. Additionally, based on Figure 3, the impact of pore size shrinkage
on nanoconfined methane phase behavior is evident. The entire area covered by the
phase envelope contracts, suggesting a decline in both saturated vapor and liquid phase
densities with increasing nanoconfinement. It is crucial to highlight that the existing
theoretical model, exemplified by the research of Wang and Aryana (2021) [51], falls
short of fully coupling the mechanisms contributing to abnormal nanoconfined phase
behavior. Therefore, this research is imperative for establishing the proposed model and
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shedding light on the individual effects of each mechanism on the methane phase envelope
in nanopores.
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5. Results and Discussion

The establishment of a fully coupled model to capture nanoconfined methane phase
behavior is a groundbreaking achievement, and its reliability is thoroughly clarified. To
date, primary research efforts have focused on the impact of pore size on nanoconfined
phase behavior. However, a comprehensive sensitivity analysis is still lacking. Particularly,
the role of capillary pressure, representing the substantial difference between vapor-phase
pressure and liquid-phase pressure, on the methane phase diagram in nanopores remains
unclear. Additionally, the wettability effect, arising from robust molecule-wall interactions
in nanopores, amplifies the shift in the magnitude of the critical properties and capillary
pressure. Hence, at this juncture, it is significantly necessary to utilize the proposed model
to shed light on the aforementioned unsolved issues.

5.1. Pore Size

Five sets of pore sizes were employed to illustrate the impact of pore size on the
nanoconfined methane phase diagram. The contact angle is fixed at 60◦. As depicted
in Figure 4, the phase diagram exhibits a surprising variation with shrinkage in pore
size. Under a stronger nanoconfinement effect, the phase diagram curve becomes more
vertical. Additionally, based on observations, the variation pattern is distinguished by a
temperature threshold of 168 K. When the temperature is below 168 K, the phase diagram
decreases with decreasing nanopore size. Conversely, as the temperature surpasses 168 K,
the phase diagram increases with a smaller pore size. In other words, the methane molecules
that exist in the vapor phase in large nanopores turn into the liquid phase in smaller
nanopores when the temperature is below 168 K. This process simultaneously reverses
completely when the temperature exceeds 168 K, with the liquid-phase methane molecules
in large nanopores transitioning into the vapor phase in small nanopores. It is crucial
to explore the underlying mechanism behind this phenomenon. Due to the presence of
capillary pressure, the vapor-phase pressure in nanopores is significantly higher than
the liquid-phase pressure, which is in contrast to the macropore condition, where the
vapor-phase pressure equals the liquid-phase pressure. This relatively high pressure
enhances the potential for the vapor phase to transition into the liquid phase, aligning with
Kelvin’s theory that the presence of the meniscus contributes to liquidation. Regarding the
phenomenon at relatively high temperatures, the attributed factor may be the shifted critical
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properties, a unique variation confirmed by experimental observations and molecular
results. As a result, there exists a specific temperature threshold that divides the impact of
pore size on the nanoconfined methane phase diagram. The existing phase of methane in
nanopores differs from that evaluated by the conventional phase diagram. Additionally,
the phase diagram at temperatures below the specific threshold is governed by capillary
pressure, while at higher temperatures, it is dominated by shifted critical properties.
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Figure 4. Nanoconfined methane phase diagram versus nanopore size.

The coexistence curve with different pore sizes is depicted in Figure 5, where the
hollow marks represent the vapor density, and the solid marks represent the liquid density.
Evidently, the area covered by the curve shrinks with the decrease in pore size, signifying an
increase in the saturated vapor-phase density and a reduction in the saturated liquid-phase
density. The presence of capillary pressure, which enhances vapor pressure with pore size
shrinkage, is responsible for the increase in vapor density. Additionally, in accordance
with the formula for liquid density (Equation (23)), the decline in liquid-phase density
should be attributed to the variation in liquid-phase compressibility, which is a function of
nanoconfined critical properties.
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5.2. Surface Wettability

As discussed, the wettability effect, which is inherently linked to the molecule-surface
interaction strength, plays a critically significant role in influencing fluid behavior in
nanopores. However, little research has been conducted to investigate the wettability effect
on nanoconfined phase behavior. Moreover, the wettability effect heavily depends on the
distance the molecule is from the solid phase. Therefore, two sets of pore sizes are used
here, and the surface contact angle ranges from 30◦ to 150◦. In order to quantify the phase
diagram effectively, the Tmin and Tmax, representing the temperatures corresponding
to the maximum and minimum pressures on the methane phase diagram, respectively,
are utilized here. As presented in Figure 6, for the 50 nm pore size, the phase diagram
becomes more vertical with decreasing contact angle. In detail, the vapor-phase molecules
in nanopores with a large contact angle may transition to the liquid phase in nanopores
with a small contact angle. This suggests that intensifying molecule-surface interaction
would enhance the molecular potential to change to the liquid phase. As illustrated in
Figure 6B, the variation caused by surface wettability is obvious, with the Tmin value
declining rapidly with increasing surface contact angle. It means the discrepancy in the
existence phase becomes more evident at relatively low pressure. From Figure 6A, the
phase diagrams at high-pressure conditions almost coincide, indicating that the wettability
effect is negligible when the pressure is higher than 2 MPa.

Processes 2024, 12, x FOR PEER REVIEW  13  of  18 
 

 

5.2. Surface Wettability 

As discussed, the wettability effect, which is inherently linked to the molecule-sur-

face interaction strength, plays a critically significant role in influencing fluid behavior in 

nanopores. However, little research has been conducted to investigate the wettability ef-

fect on nanoconfined phase behavior. Moreover, the wettability effect heavily depends on 

the distance  the molecule  is  from  the solid phase. Therefore,  two sets of pore sizes are 

used here, and the surface contact angle ranges from 30° to 150°. In order to quantify the 

phase  diagram  effectively,  the  Tmin  and  Tmax,  representing  the  temperatures  corre-

sponding to the maximum and minimum pressures on the methane phase diagram, re-

spectively, are utilized here. As presented in Figure 6, for the 50 nm pore size, the phase 

diagram becomes more vertical with decreasing contact angle. In detail, the vapor-phase 

molecules in nanopores with a large contact angle may transition to the liquid phase in 

nanopores with a small contact angle. This suggests  that  intensifying molecule-surface 

interaction would enhance the molecular potential to change to the liquid phase. As illus-

trated in Figure 6B, the variation caused by surface wettability is obvious, with the Tmin 

value declining rapidly with increasing surface contact angle. It means the discrepancy in 

the existence phase becomes more evident at relatively low pressure. From Figure 6A, the 

phase diagrams at high-pressure conditions almost coincide, indicating that the wettabil-

ity effect is negligible when the pressure is higher than 2 MPa. 

 

Figure 6. Wettability versus methane phase diagram with a pore size of 50 nm. 

When pore size becomes 5 nm, the methane phase diagram when the contact angle 

is less than 60° is significantly different. It can be demonstrated that the influence of the 

wettability effect on nanoconfined phase behavior becomes more evident when the pore 

size is less than 5 nm. As a result, the utmost caution should be paid to take care of the 

wettability effect in nanopores, particularly in cases where the nanopore size is less than 

5 nm. As presented  in Figure 7B, the Tmin could decline by as much as 87.3% when the 

contact angle changes from 30° to 150°. Moreover, it can be observed in Figure 7A that 

there is a relatively large fall in terms of the Tmin value with a contact angle that spans from 

60° to 90°. It indicates that the phase diagram changes considerably when the contact an-

gle ranges from 60° to 90°, and the existence phase of methane is complex in this range. 

As a result, for smaller nanopores, 90° is a critical value for distinguishing the nanocon-

fined phase behavior. Basically, the phase diagram is almost unchanged when the contact 

angle is larger than 90°, and a dramatic change happens when the contact angle becomes 

less than 90°. 

Figure 6. Wettability versus methane phase diagram with a pore size of 50 nm.

When pore size becomes 5 nm, the methane phase diagram when the contact angle
is less than 60◦ is significantly different. It can be demonstrated that the influence of the
wettability effect on nanoconfined phase behavior becomes more evident when the pore
size is less than 5 nm. As a result, the utmost caution should be paid to take care of the
wettability effect in nanopores, particularly in cases where the nanopore size is less than
5 nm. As presented in Figure 7B, the Tmin could decline by as much as 87.3% when the
contact angle changes from 30◦ to 150◦. Moreover, it can be observed in Figure 7A that
there is a relatively large fall in terms of the Tmin value with a contact angle that spans from
60◦ to 90◦. It indicates that the phase diagram changes considerably when the contact angle
ranges from 60◦ to 90◦, and the existence phase of methane is complex in this range. As
a result, for smaller nanopores, 90◦ is a critical value for distinguishing the nanoconfined
phase behavior. Basically, the phase diagram is almost unchanged when the contact angle
is larger than 90◦, and a dramatic change happens when the contact angle becomes less
than 90◦.
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5.3. Capillary Pressure

Capillary pressure, representing the pressure difference between vapor-phase pressure
and liquid-phase pressure, requires more attention when it comes to the nanoscale. In
this section, the pore size was set as 5 nm, and two sets of contact angles were utilized:
60◦ for typical, strong surface-molecule interaction strength and 120◦ for the weak version.
Evidently, it can be observed from Figure 8 that the influence of capillary pressure on the
nanoconfined methane phase diagram is considerable. The surface contact angle is 60◦. As
introduced above, the Tmin value is nearly 80 K in the case of neglecting capillary pressure,
whereas the value varies at 149 K once the capillary pressure is considered. Therefore,
the capillary pressure is the main factor leading to the phenomenon where the phase
diagram curve becomes vertical. Additionally, in Figure 8B, it can be observed that the
liquid-phase density, when considering capillary pressure, would be slightly less than when
neglecting capillary pressure, and the vapor-phase density is almost irrelevant regarding
capillary pressure.
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Subsequently, the surface contact angle was set at 120◦ to identify the effect of capillary
pressure on methane phase behavior with weak molecule-surface interactions. As presented
in Figure 9A,B, the phase diagrams almost coincide, indicating that capillary pressure
has little influence on varying the phase diagram. In contrast with the performance
in Figure 8A,B, it can be summarized that the impact of capillary pressure is heavily
dependent on the surface contact angle. The capillary pressure cannot be neglected until
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the contact angle is less than 90◦. Similarly, vapor-liquid coexistence performance is further
investigated in Figure 9B, where both the vapor- and liquid-phase densities change little
when considering or neglecting the capillary pressure.

Processes 2024, 12, x FOR PEER REVIEW  15  of  18 
 

 

dependent on the surface contact angle. The capillary pressure cannot be neglected until 

the contact angle is less than 90°. Similarly, vapor-liquid coexistence performance is fur-

ther investigated in Figure 9B, where both the vapor- and liquid-phase densities change 

little when considering or neglecting the capillary pressure. 

 

Figure 9. Impact of capillary pressure on methane phase diagram when the contact angle is 120°. 

5.4. Shifted Critical Properties 

Shifted critical properties are a well-acknowledged phenomenon for nanoconfined 

methane, primarily controlled by pore size. In this case, two sets of pore sizes were used. 

As presented in Figure 10A,B, the discrepancy induced by a shift in the critical properties 

is quite evident. At a specific pressure, the error in the corresponding temperatures on the 

phase diagram curves could reach as high as 7.1%. In contrast, when the pore size was 

enlarged to 50 nm, the methane diagram that considers the shifted critical properties is 

almost  the same as  that neglecting  the shift.  It can be demonstrated  that  the  impact of 

shifted critical properties could reasonably be overlooked for a large pore size. 

 

Figure 10. Impact of shifted critical properties on nanoconfined methane phase diagram. 

6. Conclusions 

1. Based on the fundamental vapor-liquid fugacity equilibrium, we established a fully 

coupled model to explore the methane phase diagram in nanopores. This model sim-

ultaneously  considers  adsorption-phase  thickness,  capillary  pressure,  and  shifted 

critical properties. The reliability of the model in reproducing nanoconfined methane 

phase diagrams was thoroughly clarified by comparing it against experimental data 

and MD results, utilizing different methods and surface types. 

Figure 9. Impact of capillary pressure on methane phase diagram when the contact angle is 120◦.

5.4. Shifted Critical Properties

Shifted critical properties are a well-acknowledged phenomenon for nanoconfined
methane, primarily controlled by pore size. In this case, two sets of pore sizes were used.
As presented in Figure 10A,B, the discrepancy induced by a shift in the critical properties
is quite evident. At a specific pressure, the error in the corresponding temperatures on
the phase diagram curves could reach as high as 7.1%. In contrast, when the pore size
was enlarged to 50 nm, the methane diagram that considers the shifted critical properties
is almost the same as that neglecting the shift. It can be demonstrated that the impact of
shifted critical properties could reasonably be overlooked for a large pore size.
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6. Conclusions

1. Based on the fundamental vapor-liquid fugacity equilibrium, we established a fully
coupled model to explore the methane phase diagram in nanopores. This model
simultaneously considers adsorption-phase thickness, capillary pressure, and shifted
critical properties. The reliability of the model in reproducing nanoconfined methane
phase diagrams was thoroughly clarified by comparing it against experimental data
and MD results, utilizing different methods and surface types.

2. A distinctive temperature, 168 K in our calculation case, serves as a dividing point for
the impact of pore size on the nanoconfined methane phase diagram. Below 168 K,
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methane molecules in a vapor phase in large nanopores transition to the liquid phase
in smaller nanopores. The presence of capillary pressure, which enhances vapor-phase
pressure as pore size decreases, is responsible for the increase in vapor density.

3. The influence of the wettability effect on nanoconfined phase behavior becomes more
pronounced when the pore size is less than 5 nm. The methane phase diagram remains
almost unchanged when the contact angle is larger than 90◦, with a dramatic change
occurring when the contact angle is less than 90◦. Capillary pressure emerges as the
main factor causing the phase diagram curve to become vertical. The impact of shifted
critical properties might reasonably be overlooked when the pore size exceeds 50 nm.
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