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Shale is a strongly heterogeneous anisotropic porous medium with a complex nanopore structure.
Therefore, accurately describing the distribution and occurrence of shale gas in the intricate pore
structure of shale is difficult. The simplified local density (SLD) theory constitutes an effective and
widely accepted approach for characterizing the adsorption mechanism within the intricate pore
structures of nanoporous shale. On the basis of SLD theory, this paper proposes for the first time a new
adsorption model that considers spherical pores to accurately describe the adsorption behavior within
the complex pore structure of shale containing spherical pores. Compared with conventional adsorption
theory models and traditional SLD models, not only were the accuracy and applicability of the new

Eidted by Meng-Jiao Zhou

Keywords: model verified, but it was also found that the new model could significantly improve the effective
SLD model calculation accuracy even with fewer fitting parameters. Furthermore, an analysis of and discussing the
Spherical pore adsorption behavior of methane in shale pores with different pore structures (including pore geome-
Adso_rption tries, specific surface areas, diameters and volumes) revealed that the pore structure significantly affects
SDf?:lselty profile the adsorption behavior of methane. The effects of the number of pore wall solid molecular layers that

characterize different fluid-solid interactions and the adjustable parameters for repulsive forces that
characterize different fluid-fluid interactions on the methane adsorption isotherms and density distri-
butions were also explored. The results indicate that the newly developed spherical SLD model may
provide new insights into the occurrence mode of shale gas in complex shale pores and offer valuable
references for reserve assessment and extraction efficiency optimization in shale gas exploration.
© 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 natural gas occurs in three distinct forms: adsorbed onto the pore

surfaces, free within the pore spaces, and dissolved within the

Shale gas, regarded as an unconventional natural gas resource,
constitutes an increasingly significant portion of the global energy
supply. Numerous countries worldwide have undertaken exten-
sive exploration and development initiatives (Sun et al., 2021;
Montgomery et al., 2005; Chalmers and Bustin, 2008; Tang et al.,
2020). The methane content in shale gas exceeds 94%, but it con-
tains only small amounts of alkanes and trace carbon dioxide and
nitrogen. Its combustion produces fewer pollutants, making it
more environmentally friendly than traditional fossil energy
sources do (Kalkreuth et al., 2013). In the shale pore structure,
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shale matrix (Curtis, 2002; Ross and Bustin, 2008; Bernard et al.,
2010). Among these, gas is stored on the surface of both organic
matter and inorganic minerals within shale through physical
adsorption, potentially accounting for up to 80% of the total pore
gas volume (Edwards et al., 2015). This adsorption mechanism has
doubled the gas storage capacity in pores and formed a high-
density adsorption layer on the surface (Tinni et al., 2017;
Brunauer et al., 1940). Therefore, in-depth exploration of the
physical adsorption mechanism of shale has an important guiding
role in evaluating and developing shale gas reserves.

At present, methods for accurately predicting gas adsorption
behavior mainly include laboratory adsorption experiments (Chen
et al., 2018; Wang et al., 2024), commonly used theoretical models
(Langmuir, 1918; Brunauer et al., 1938; Ono and Kondo, 1960;
Dubinin, 1967; Yao et al., 2008), molecular simulations (Yang
et al.,, 2020; Wang et al., 2019) and functional computational
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models (Guo et al., 2024; Fitzgerald et al., 2006; Wu et al., 2019). In
laboratory settings, the adsorption capacity of samples can be
evaluated via two principal methods: the volumetric method and
the gravimetric method (Gasparik et al., 2014a, 2014b). Notably,
the volumetric method has been predominantly employed to
assess gas adsorption, matrix deformation, and permeability in
shale and coal substrates (Santos and Akkutlu, 2013; Zeng et al.,
2017). This method operates on the principle of indirectly deter-
mining the adsorption quantity at each pressure point by
measuring changes in gas pressure within the container, thereby
generating the sample's adsorption isotherm. Nevertheless, what
is typically measured in the laboratory is the excess adsorption
isotherm, also referred to as the Gibbs gas adsorption isotherm.
Furthermore, owing to the variation in adsorbed phase volume
with pressure, the absolute adsorption amount cannot be directly
measured in the laboratory (Sudibandriyo et al, 2003). In
conclusion, although the amount of methane adsorbed by shale
can be obtained through laboratory adsorption experiments, it is
still necessary to find a suitable model to further characterize the
adsorption mechanism of shale.

A variety of theoretical models are frequently employed in the
study of adsorption. Existing theoretical calculation models
include the Langmuir, Brunauer-Emmett-Teller (BET), Dubinin-
Radushkevich (D-R) or Dubinbin-Astakhov (D-A), Ono-Kondo (O-
K) and fractal adsorption (F-A) models. Additionally, there is an
empirical formula known as the Freundlich isotherm. Notably, the
Langmuir model is predominantly employed to characterize the
adsorption behavior of monolayer gas molecules on the surface of
adsorbents and is regarded as one of the classical models for
describing adsorption isotherms (Swenson and Stadie, 2019).
Brunauer et al. (1938) proposed that there was an interaction be-
tween molecular layers, so they proposed a BET model to describe
multimolecular layer adsorption on the basis of monolayer
adsorption. The D-R and D-A models, as proposed by Huber et al.
(1978) and Dubinin and Astakhov (1971), indicate that gas mole-
cules do not adsorb onto the pore surface but instead fill the mi-
cropores. Ono and Kondo (Pang and Jin, 2019) built the O-K lattice
model on the basis of lattice theory, which assumes that gas
molecules reach adsorption equilibrium at the lattice position.
According to the F-A model, the adsorption behavior of adsorbents
with a fractal geometry relationship also has fractal characteristics
after adsorption (Pfeifer et al., 1997). Furthermore, the Freundlich
model, which serves as an empirical equation, predicts the
adsorption isotherm through the relationship between the
amount of adsorption and the equilibrium pressure (Appel, 1973).
However, the majority of these models are primarily suited for
predicting coalbed methane adsorption and exhibit certain limi-
tations in accurately characterizing methane adsorption behavior
within shale pores (Pang Y et al., 2020; Zeng et al., 2024). First,
most of these models incorporate multiple empirical parameters
that require conversion into gas density parameters to adequately
represent the Gibbs gas adsorption capacity. Second, these
methods generally fail to precisely delineate the regions of
adsorbed and bulk phases within the pore structure. Most criti-
cally, these theoretical models do not provide a precise explana-
tion of how pore structure influences adsorption behavior. While
molecular simulation (MS) and density functional theory (DFT)
can accurately describe adsorption isotherms and phase behavior
in pores (Barrera et al., 2013; Gor et al., 2012), their computational
processes are complex and time-consuming (Rangarajan et al.,
1995).

The simplified local density (SLD) theory effectively solves the
above problems. It has a high calculation speed and high

693

Petroleum Science 23 (2026) 692-711

precision. It is also able to predict adsorption isotherms and
density distributions in shale nanopores by combining the
interaction potential function used to characterize shale pore
structure with the fluid equation of state (EOS), which charac-
terizes fluid-fluid interactions. SLD theory is a method for
calculating the adsorbed phase density proposed by Rangarajan
et al. (1995) on the basis of the mean field hypothesis. Initially,
this theory was only applicable to the calculation of the adsorbed
phase density on a semi-infinite surface. To address the actual
situation, Chen et al. (1997) further proposed a calculation
method for the adsorption capacity of slit pores of different
widths on the basis of semi-infinite planes. Fitzgerald et al.
(2003) demonstrated that modifying the repulsive force param-
eters in the equation of state for gases significantly influences the
fitting accuracy of the slit SLD model. Hasanzadeh et al. (2010)
employed the slit SLD model to investigate the adsorption
behavior of binary gas mixtures within slit pores. Zeng et al.
(2017b) developed a slit SLD model for competitive adsorption
of water and methane, thereby quantifying their respective
adsorption behaviors in porous media. Since the above studies
were all aimed at slit pores, Chen et al. (2018) expanded the pore
shape and established the SLD model of cylindrical pores. Pang
et al. (2020) further characterized adsorption isotherms and
density profiles in cylindrical pores. By integrating cylindrical
SLD theory with nuclear magnetic resonance (NMR) technology,
Wang et al. (2022) were able to determine the pore size distri-
bution of a sample and accurately predict the quantity of gas
adsorbed within the pores. Zeng et al. (2024) examined the
interaction between gas molecules and solid molecules on the
pore wall via the cylindrical SLD model under the (3/8) of hy-
pothesis and compared the density distribution characteristics
under various modified parameters A,. However, through
extensive studies of field emission scanning electron microscopy
(FESEM) images (Afsharpoor and Javadpour, 2016; Sun et al,,
2020; Yin et al., 2022; Gao et al., 2021; Cao et al., 2019; Zhao
et al., 2022; Wang et al., 2021), it was found that in addition to
slit and cylindrical nanopores, there are also abundant spherical
nanopores within the organic matter (OM) of shale, as shown in
Fig. 1.

The numerous nanoscale pores within the shale OM provide
effective storage space for shale gas. However, the shape and size
of nanoscale pores significantly affect gas adsorption and
desorption as well as gas transport and migration. Therefore, to
investigate the influence of varying pore structures on the
adsorption mechanism of shale, this study establishes a novel
adsorption model based on the SLD theory. Unlike the conven-
tional SLD model, which accounts for slit and cylindrical pores, this
study considers spherical pores. Initially, we performed laboratory
adsorption experiments on an intact shale sample measuring 50
mm x 100 mm to obtain methane excess adsorption isotherms at
313.15, 333.15, and 353.15 K. Subsequently, to validate the accuracy
of the spherical SLD model, we conducted regression analysis on
the experimental data of the excess adsorption isotherms via the
new model and compared it with several common adsorption
theoretical models as well as the traditional slit and cylindrical SLD
models. The effects of different pore structures (pore geometries,
specific surface areas, diameters, and volumes) on the adsorption
capacity and density distribution were also examined. Finally, this
work investigates the impacts of different fluid-solid and fluid-
fluid interactions on the adsorption behavior within shale pores.
The objective of this study is to enhance our understanding of the
gas adsorption mechanism within shale pores through the appli-
cation of the newly developed spherical SLD model, thereby
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facilitating the more effective utilization of SLD models in actual
applications such as shale gas exploration.

2. Method
2.1. Spherical pores in nanoporous shale

The development and evolution of shale pore structure are
controlled by three main factors: the total organic carbon content,
mineral components, and thermal maturity (Fu et al, 2015).
Among them, the pores generated within organic matter (OM) are
considered to be the dominant contributors to the total porosity
and oil-gas storage in organic-rich shale reservoirs (Lohr et al.,
2015). Pores in OM usually form during the thermal maturation
process when hydrocarbon substances are expelled from kerogen.
Spherical pores, such as those due to asphalt and the bubbles
within it, form during this process. Moreover, the formation of OM
pores is closely related to the generation and development of
spherical pores. First, only spotted spherical pores are formed
within the OM and then gradually expand until they connect with
each other, eventually forming a “pit” structure that is much larger
than the surrounding pores. The shape and size of this structure
are restricted by the OM or the internal mineral particle frame-
work (Huang et al., 2020). Additionally, owing to the overpressure-
associated overburden stress unloading in the gentle anticlines,
spherical pores also form within the OM (Liu et al., 2020). In
summary, spherical pores are widely present in the OM.

Owing to the greater curvature of the concave geometry, the
contact area with gas molecules is increased. Compared with slit
and cylindrical nanopores, spherical nanopores have a greater
adsorption capacity (Li et al., 2023a; Qajar et al., 2016). Therefore,
the adsorption characteristics of spherical pores can better
represent the adsorption performance of nanopores within shale.
To characterize the gas adsorption behavior within shale
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accurately, we consider establishing a gas adsorption model on the
basis of the geometry of the spherical pores, as illustrated in Fig. 2.
In this model, the gray region represents the shale matrix (the
adsorbent), and the blue region represents the gas molecules (the
adsorbate).

2.2. Spherical SLD model development

Owing to the complex structure at the junctions of spherical
pores with slit and cylindrical pores, the gas molecules adsorbed in
this area are simultaneously affected by the pore wall solid mol-
ecules of several geometric shapes pores, which makes it impos-
sible to characterize the adsorption behavior of gas molecules in
this area via the SLD theory. However, ignoring the connectivity of
the spherical pores results in a slightly smaller overall excess
adsorption capacity of the shale pores, this error is within an
acceptable range. To study the gas adsorption mechanism within
spherical pores, spherical pores must be extracted from the com-
plex pore structure of shale. Therefore, we finally obtain an SLD
adsorption model with a spherical pore geometry, as shown in
Fig. 3. By sectioning the spherical pore SLD model along any
radial direction, we assume that the resulting model consists of a
single layer of solid molecules capable of adsorbing gas molecules.
We analyze an arbitrary gas molecule within this framework. Here,
Ds represents the diameter of the hollow region within the
spherical pore (nm); Rs denotes the radius of this hollow region
(Ds = 2Rs, nm); z is the distance between the center of a gas
molecule and the inner surface of the spherical pore (nm); and
Rs — z signifies the distance from the center of the spherical pore to
the center of the gas molecule (nm).

2.2.1. Principle of SLD theory
The SLD theory was proposed by applying the mean-field
approximation theory to density functional theory. Therefore,

| Area: 54.44 pm?
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Fig. 1. FESEM images of the spherical nanopores in OM. Image (a) from Yin et al. (2022); image (b) from Gao et al. (2021); images (c¢) and (f) from Cao et al. (2019); image (d) from
Zhao et al. (2022); and image (e) from Wang et al. (2021). The yellow circles represent spherical pores, which are connected to the slit or cylindrical pores indicated by the yellow

dashed lines on both sides.
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Fig. 2. Schematic diagram of different pore adsorption models.
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Fig. 3. Spherical pore SLD model.

this theory holds that when a fluid reaches adsorption equilibrium
in space, there are no local chemical potential fluctuations,
meaning that the chemical potentials at any position in space are
equal. Specifically, for spherical pores in shale, the assumptions of
the SLD theory are as follows: (1) the temperature and pressure
distributions within the spherical pores are uniform; (2) all
methane molecules and solid molecules of the pore wall, except
those methane molecules in contact with the pore wall, are
considered spherical; (3) the interaction between methane mol-
ecules and solid molecules of the pore wall is independent of
temperature and the number of molecules; (4) the chemical po-
tential at any position within the spherical pore is equal to that of
the bulk phase; and (5) the chemical potential at any position
within the spherical pore is the sum of the interactions between
methane molecules and between methane molecules and solid
molecules of the pore wall.

Therefore, when methane molecules reach adsorption equi-
librium within the spherical pores, the chemical potential at any
position within the pores is equal to the chemical potential of the
bulk phase and is equal to the sum of the fluid-fluid and fluid-solid
interaction potentials (Rangarajan et al., 1995).
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(1)

where u(z) and pp,, represent the chemical potential at any po-
sition z within the spherical pore and in the bulk phase, respec-
tively, J/mol. The ug(z) and ug(z) represent the chemical potential
generated by the interaction between methane molecules of the
pore and the interaction between methane molecules at position z
and the solid molecules of the pore wall, respectively, J/mol. For
real gases, upuc and pg(z) can be expressed in terms of fugacity as
follows (Chen et al., 2018):

w(Z) = ppulk = Hit(2) + prs(2)

Hpulk = Ho(T) +RT lnfbfLOlk o

uie(2) = o (T) + RT mf% o

where uo(T) represents the chemical potential at any reference
position, J/mol; fyux and fg(z) represent the fugacity of the
methane molecules in the bulk phase and the adsorbed phase at
position z, respectively, in MPa; f; represents fugacity at any
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position, MPa; R represents the gas constant, 8.314 J/(mol-K); and T
represents the temperature within the spherical pore, K.

The chemical potential ug(z), which quantifies the interaction
between methane molecules and solid molecules within the pore
wall, can be expressed as:
uis(2) = Na [ (2)] (4)
where N, is Avogadro's constant, 6.02 x 10%> mol~, and y®(z)
represents the potential energy function of the interaction be-
tween the methane molecules at position z and the solid mole-
cules, J.

From Eqs. (1)-(4), the following adsorption equilibrium equa-
tion (Eq. (5)) can be obtained:

fs
Ji£(2) = founc €Xp <Wkg(;)> (5)

where kg denotes the Boltzmann constant, which is approximately
1.38 x 10723 J/K.

2.2.2. Fluid-solid interaction (potential energy function)

Since the adsorption behavior of methane molecules in the
spherical pores of shale is strongly influenced by the curvature of
the spherical surface, it is necessary to select an appropriate po-
tential energy function to characterize the interaction between
methane molecules and the solid molecules on the pore wall
accurately. Therefore, by integrating the Lennard-Jones 12—6 po-
tential function along the spherical surface, we obtain the
Lennard-Jones 10—4 potential function on the basis of the spher-
ical surface in Eq. (6) and finally achieve an accurate calculation of
the fluid-solid interaction potential energy at any position z within
the spherical pores (Ravikovitch and Neimark, 2002; Siderius and
Gelb, 2011; Baksh and Yang, 1991):

fs 0.2 2292 O'}so k O'}so
v (@); = 2rpegeot | = +(-1) -
* 155 Ry 10k Ryi*(zi— 2Rg;)'0*

7i ( O'?S +(71)k O-?S >:|
=5 Rz Ryi*(zi — 2Rg)**
(6)
&fs = \/EssEff (7)
Oss + O
oy =y (8)
A |
zZi=z+ (175)055 9)
o1
Rsi=Rs + (l—i)ass (10)

where p, denotes the solid molecular density, 38.2 atoms/nm?; ess,
e and ep; represent the solid-solid, fluid-fluid and fluid-solid
interaction energy parameters, respectively, J; and oss and o
correspond to the diameters of the adsorbent and adsorbate
molecules, nm. Importantly, the interaction potential between
solid and gas molecules becomes negligible beyond the fourth
layer (i.e., i = 4) of solid atoms. Consequently, the fluid-solid
interaction potential yf(z) within a spherical pore can be
expressed as follows (Wang et al., 2022):
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4

v*(@) = vt (@)

i=1

(11)

2.2.3. Fluid-fluid interaction (fluid equation of state)

A suitable fluid equation of state (EOS) is of vital importance
for understanding the physical and thermodynamic properties of
fluids (Chabab et al., 2024). In this study, to describe the in-
teractions between methane molecules accurately, we used the
Peng-Robinson equation of state (PR-EOS), which can precisely
characterize the density of methane gas under high-temperature
and high-pressure conditions (Gasem et al., 2001). We also used
this equation to calculate physical parameters such as the bulk
phase density pp,, the bulk phase fugacity f,,, and the adsor-
bed phase fugacity fi(z) of methane molecules in the pores
accurately.

P _ 1
PoulkRT 1 = bppyii

B Appulk (12)
RT[1+ (1= VZbppun) | [1+ (1+ VZbppunc) |

a=0.457535¢(T)R*T? / P (13)

b=0.077796RT /P, (14)

where P represents pressure, MPa; py, represents the bulk phase
density, mol/m>; a represents the attractive parameter in the bulk
phase, J-m3/mol?; b represents the repulsive parameter in the bulk
phase, m3/mol; P; represents the critical pressure, MPa; and T¢
represents the critical temperature, K. ¢(T) represents the depen-
dence of the attractive parameter a on temperature, which can be
expressed by the following function:

2 342
C(T)—|:1+C1<1— ’I’I:> +C2(1_\/T?> +C3<1—\/T?> ]
(15)

where C; to C3 represent the regression parameters, and the
physical property parameters of methane are shown in Table 1.

On the basis of PR-EOS, the fugacity fi,, of gas molecules in the
bulk phase can be expressed as:

jnfoutk _ bobui Appulk —ln[ P _ib}
P 1-bppyx RT(]Jer/’bulk*bZP%ulk) RTppunc - RT

1+ (1 +\/§)bpbulk):|
1+ (1 — \/j)bpbulk)

a
n
2V2RT

(16)

Furthermore, the adsorbed phase fugacity fi(z) of gas mole-
cules at position z can also be represented as:

Table 1

Physical property parameters of methane.

Fluid P, MPa Tc,K o nm eg/kg, K Cy G G
CH; 4599 190.56 0.3730 148.0 0.41108 -0.14020 0.27998
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lnfff(z): bagsp(2) _ Aads(2)p(2)
P 1=baasp(Z) RT(1-+2bage0(2) — b2 0%(2))
—ln{ P _Pbads] | Qy45(2) 1+(1+\/§)b3dsp(2))
RTp(z) RT | 2+v2RT 1+(1—ﬂ)badsp(z))

(17)

where p(z) represents the gas adsorbed phase density at position z
from the wall surface within the spherical pore, mol/m?; a,q4(z) is
the attractive parameter in the adsorbed phase, J-m>/mol?; and
b,4s is the repulsive parameter in the adsorbed phase, m>/mol. The
detailed solution process of the attractive parameter a,4s(z) in the
adsorbed phase is provided in the appendix. The repulsive
parameter b,y in the adsorbed phase can be obtained by intro-
ducing the covolume correction parameter A, into the repulsive
parameter b in the bulk phase, and its expression is as follows:

bads = b(1 +Ab) (18)

In conclusion, after calculating the adsorbed phase density p(z)
on the basis of the adsorption equilibrium criterion in Eq. (5), we
finally present the expression for the excess gas adsorption
amount on the basis of the density distribution within spherical
pores:

Rs
IreX = 471:/
3(7ff/8

where I®X is the excess adsorption capacity, mmol/g.

The specific calculation process of the spherical SLD adsorption
model proposed in this study is shown in Fig. 4. First, we calculate
the fluid-solid interaction potential ' (z) in spherical pores via the
Lennard-Jones 10—4 potential function. Moreover, the density
Poulk and fugacity fi, i of the bulk phase were obtained via PR-EOS.
We subsequently divided half of the spherical pores into 50 parts
and calculated the fugacity f(z) and density p(z) of the adsorbed
phase in each part successively starting from the position close to
the pore wall until the adsorption equilibrium conditions were
met in each part. Finally, the excess adsorption capacity I'** was
calculated by writing the Simpson formula related code via MAT-
LAB software.

(Rs — 2)*[p(2) — ppui1dz (19)

3. Results and analysis
3.1. Shale samples and experimental methods

3.1.1. Experimental samples

The sample utilized in this study is the shale from the Longmaxi
Formation in Sichuan Province, sourced from the Sichuan Basin,
which possesses the richest known shale gas reserves in China.
Typically, shale adsorption tests recommend crushing a shale
sample into powder for analysis. However, this process can lead to
alterations in the original pore structure of the sample, such as
crack expansion, pore collapse, and increased surface area, all of
which may affect the sample's adsorption capacity (Liu et al., 2012,
2021). To preserve the original pore structure as much as possible,
avoiding reductions in the number of spherical pores or increases
in the number of slit pores, we employed intact cylindrical shale
samples with dimensions of 50 mm x 100 mm for the adsorption
tests.

3.1.2. Experimental equipment
The adsorption test employs the volumetric method to quantify
changes in gas pressure, thereby determining the amount of
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methane adsorbed in shale samples. The testing apparatus is a
BRXF-II high-temperature and high-pressure isothermal adsorp-
tion instrument manufactured by Jiangsu Boruisi Scientific
Research Instrument Co., Ltd. As illustrated in Fig. 5, this equip-
ment comprises a computer control and data acquisition system, a
gas supply system, an adsorption testing system, and a waste gas
collection system. The pressure sensor has an accuracy of
0.001 MPa, whereas the temperature sensor has an accuracy of
0.1 °C. Prior to conducting the adsorption test, to minimize the
impact of moisture on the adsorption results, the shale samples
were dried in an oven at 105 °C for 48 h until the quality of the
samples remained unchanged. Additionally, further drying and
vacuuming were performed at the experimental temperature for
3 h. Ultimately, methane adsorption isotherms with a purity of
99.999% were obtained at temperatures of 313.15, 333.15, and
353.15 K and pressures ranging from 0.8 to 14 MPa.

3.2. Verification of the accuracy and rationality of the spherical
SLD adsorption model

This section aims to validate the accuracy and applicability of
the spherical SLD model via shale adsorption experimental data
obtained at different temperatures. Furthermore, the spherical
SLD model was compared with commonly employed adsorption
models, including the Langmuir, BET, O-K, D-R, F-A and modified
D-A models, in terms of their fitting performance against the
experimental data. The rationality and practicality of the new SLD
model were evaluated through this comparative analysis. Addi-
tionally, the average absolute deviation (%¥AAD) and coefficient of
determination (R?) were utilized as metrics to assess the deviation
between the calculated results and experimental data, as well as
the goodness of fit of the models.

3.2.1. Experimental adsorption isotherms were characterized via
the spherical pore SLD model

Several excess adsorption isotherms, which characterize the
adsorption capacity of shale at various temperatures, were ob-
tained from laboratory adsorption experiments. A comparison
between these experimental results and the calculated outcomes
of the spherical SLD model is presented in Fig. 6. The excess
adsorption capacity is positively correlated with increasing gas
pressure. This phenomenon can be attributed to the fact that
higher pressure leads to a significant increase in the number of gas
molecules entering the pore bulk phase, thereby shifting the
adsorption equilibrium within the pores towards reducing the
concentration of bulk phase molecules. This results in an increased
discrepancy between the concentration of the adsorbed phase
near the pore walls and the concentration of the bulk phase.
However, when the pressure reached approximately 8-12 MPa, the
excess adsorption capacity peaked and subsequently began to
decrease. This decrease can be attributed to the full occupation of
adsorption sites on the pore surface by methane molecules, lead-
ing to a reduction in the overall surface energy and, consequently,
a gradual decrease in the adsorption capacity. Furthermore, there
is a negative correlation between temperature and adsorption
capacity; as temperature increases, the adsorption capacity de-
creases. Specifically, the maximum adsorption capacity was
observed at 0.0375 mmol/g at 313.15 K, which decreased to
0.0336 mmol/g at 333.15 K and further decreased to 0.0305 mmol/
g at 353.15 K. This trend was due to the increase in internal system
energy with increasing temperature, causing the adsorption
equilibrium to shift toward lower internal energy states. Given
that adsorption is an exothermic process while desorption is
endothermic, the reduction in system internal energy results in a
higher desorption rate than the adsorption rate. Consequently, the
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.
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Calculate the fugacity f(z) of in
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l

Output result: p(z), I"*

|

Fig. 4. Calculation flowchart of the spherical SLD adsorption model.
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Fig. 6. The methane excess adsorption isotherms at different temperatures were obtained via laboratory adsorption experiments and the spherical SLD model.

internal energy is converted into molecular kinetic energy through
heat absorption, leading to the continuous escape of gas molecules
from the adsorbed phase until the system re-establishes
equilibrium.
The %AAD used in this study to verify the degree of data bias is
defined as:
NP
Ngxp — NMsLp
Ngxp

%AAD = Ni x 100%

P iz

(20)

In this study, Np denotes the number of data points obtained from
both the laboratory experiment and the SLD model, whereas ngxp
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represents the data derived from the laboratory adsorption
experiment. Additionally, ngp signifies the outcome of the
spherical SLD model calculations. As illustrated in Fig. 6, the results
calculated via the newly developed SLD model exhibit excellent
agreement with the experimental adsorption data, demonstrating
minimal average absolute error values. Specifically, at tempera-
tures of 313.15, 333.15, and 353.15 K, the average absolute de-
viations are 2.89%, 2.32%, and 2.94%, respectively, with an overall
mean of 2.72%. The newly established SLD model demonstrates
high precision in characterizing the adsorption behavior of shale
across various temperatures. Furthermore, on the basis of the
experimental adsorption data obtained at 333.15 K, we conducted



Y. Zhao, D.-G. Quan, C.-L. Wang et al.

a comparative analysis of the spherical SLD model using the (1/2)
og and (3/8) o hypotheses. The comparison results are presented
in Fig. 7. The average absolute deviations for these two methods
were 4.33% and 2.32%, respectively. Clearly, the SLD model
assuming (3/8) og yielded results that more closely matched the
experimental data. The research results are similar to those of Zeng
etal. (2024),Wu et al. (2022), and Zeng et al. (2021). They reported
that the pore space under the (1/2) s assumption is smaller than
that under the (3/8) o assumption, which leads to the exclusion of
some fluid molecules that interact with specific molecules.
Furthermore, it has an impact on the accuracy of describing the
actual excess adsorption amount and adsorbed phase density in
the pores. The (3/8) o hypothesis is more acceptable than the (1/
2) o hypothesis. Consequently, the spherical pore SLD model
based on the (3/8) ¢ hypothesis is better suited for characterizing
the adsorption behavior of shale and will be further discussed
below.

3.2.2. Comparison between the spherical SLD model and
conventional adsorption theory models

In general, the adsorption behavior of most adsorbents can be
described via conventional theoretical adsorption models. How-
ever, the actual temperature and pressure conditions within un-
derground shale reservoirs significantly exceed the critical
temperature (190.56 K) and critical pressure (4.599 MPa) of
methane, indicating that methane adsorption by shale occurs
under supercritical conditions. The quantity of methane adsorbed
onto the shale surface initially increases with increasing pressure
but subsequently decreases as the pressure continues to rise.
Consequently, it is imperative to adapt conventional adsorption
models for supercritical conditions. According to Gibbs's defini-
tion, the following conversion relationship exists between the
excess adsorption amount and the absolute adsorption amount
(Gasparik et al., 2014a, 2014b).

)
Pa

where Vexc denotes the excess adsorption amount and Vs rep-
resents the absolute adsorption amount. Here, p, signifies the bulk
phase density, and p, indicates the adsorbed phase density. By

substituting the absolute adsorption capacity from Eq. (21) into
the conventional adsorption model, we derive a supercritical

Vexc = Vabs ( - (21)

%AAD = 4.339
0.035 %AAD = 4.33%

0.030

%AAD = 2.32%

0.025

=, mmol/g

0.020

EXP T=333.15K
—— SLD (3/8)

0015 1 - — SLD(1/2)
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Pressure, MPa

Fig. 7. Comparison of the (1/2) o hypothesis with the (3/8) o hypothesis.
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adsorption model represented by the excess adsorption capacity,
as illustrated in Eqgs. (22)-(27). Eq. (22) is the supercritical Lang-
muir model (Xiong et al., 2021). Eq. (23) is the supercritical BET
model (Zhou et al., 2019). Eq. (24) is the supercritical O-K model (Bi
etal., 2016). Eq. (25) is the supercritical D-R model (Sakurovs et al.,
2007). Eq. (26) is the supercritical F-A model (Li et al., 2023b). Eq.
(27) is the modified D-A model (Jakubov and Mainwaring, 2002).

_VmaxVIP (o pg
Ve = gt (12 (22)
Vexc = VmaXCP (1 - /j_g) (23)
(PO—P)[H(C—U(%H Pa
ol -cofe)]
Vexc= ] ] (l *p*) (24)
2 omon(e)
po\ 12 p
a
Vexc =F [m (P—Oﬂ (1 —p—g) (26)
P Pa

PO
pH1

o\ 1/3 1/2
_) 9(%") 43 (1

where Vinax represents the maximum absolute adsorption capac-
ity, mmol/g; Vi denotes the Langmuir constant, MPa~!; and both C
and H are constants associated with the heat of adsorption.
Additionally, D signifies the fractal dimension, whereas F is a
constant. Given that methane adsorption on the shale surface
occurs in a supercritical state, the liquefaction of methane is not
feasible under these conditions. Therefore, PV in this context refers
to the hypothetical saturated vapor pressure (in MPa) (Amankwah
and Schwarz, 1995).

As illustrated in Fig. 8, when multiple adsorption models were
employed to fit the experimental data from this study, the SLD,
Langmuir, D-R and modified D-A models exhibited superior fitting
performance, with R? values exceeding 0.97. These findings indi-
cate that the SLD model can be used to characterize the methane
gas adsorption behavior in shale pores, and the characterization
accuracy is relatively high. However, unlike the SLD model, other
adsorption models yield primarily empirical parameters when
fitted to methane adsorption data. These parameters typically
cannot be directly correlated with fundamental shale character-
istics such as pore geometries, specific surface areas, diameters,
and volumes. Additionally, while these models adequately
describe the adsorption behavior of shale, they fail to accurately
differentiate between the densities of the adsorbed phase and bulk
phase, which should vary with increasing gas pressure but are
treated as constants in these models. In contrast, the SLD model
not only correlates various adsorbent properties such as pore ge-
ometries, specific surface areas, diameters and volumes but also,
effectively characterizes the distribution of gas density within

_ /’_g)
Pa

(27)
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pores, thereby providing a more comprehensive understanding of
shale gas occurrence in shale pores.

4. Adsorption mechanism of shale based on the spherical
SLD model

A significant advantage of the SLD theory is that it can combine
the intricate pore structure of nanoporous shale with gas
adsorption behavior. Therefore, in this section, spherical, slit and
cylindrical pore SLD models are first compared to analyze the in-
fluences of different pore geometries and pore sizes on adsorption.
Second, the influences of different fluid-solid interactions and
different fluid-fluid interactions on the adsorption behavior in
spherical pores are investigated.

4.1. Comparison and analysis of the spherical, slit and cylindrical
SLD models

As a heterogeneous material with pronounced anisotropic
properties, shale has abundant nanopores and intricate pore
structures, including slit, cylindrical, and spherical pores. These
features significantly complicate the adsorption behavior of
methane. To gain deeper insights into the adsorption character-
istics of shale and the distribution of methane molecules within
nanopores, we employed slit, cylindrical, and spherical pore SLD
models to characterize laboratory adsorption isotherms at
353.15 K and systematically compared and analyzed the corre-
sponding density distribution profiles. The fitting parameters for
the three SLD models are summarized in Table 2, where the slit
and cylindrical SLD models each have four fitting parameters,
whereas the spherical SLD model has only three.

Fig. 9 shows that the calculated results from several models
exhibit a high degree of consistency with the adsorption isotherm
data. Compared with the traditional slit and cylindrical SLD

Table 2
Input parameters of the spherical, slit and cylindrical SLD models used to charac-
terize the laboratory excess adsorption isotherms at 353.15 K.

Parameters ers/kg, K Re,nm  Ls,nm A, m%[g A, %AAD, %
SLD model

Slit pore 14.57 — 0.88 14.12 094 35
Cylindrical pore  16.73 0.72 4.52 - 047 5.65
Spherical pore 4.85 1.49 — — 0.64 294
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Fig. 9. Comparison of the spherical, slit and cylindrical SLD models for characterizing
laboratory excess adsorption isotherms at 353.15 K.

models, the newly established spherical SLD model better fits the
laboratory adsorption data, and its average absolute deviation is
2.94%, whereas the average absolute deviations of the slit and
cylindrical SLD models are 3.5% and 5.65%, respectively. In the
regression analysis of the adsorption isotherms, the number of
fitting parameters significantly influences the SLD model. The
values of these parameters are iteratively adjusted to increase the
fitting accuracy. However, an excessive number of fitting param-
eters can complicate both computation and interpretation,
whereas an insufficient number may compromise fitting perfor-
mance. To address this challenge, the new model refines the
traditional 4—parameter SLD model into a 3—parameter version,
thereby reducing complexity and enhancing fitting precision.

Fig. 10 shows the absolute adsorption density distributions
derived from laboratory adsorption isotherms at 353.15 K via the
three models. The horizontal axis denotes the distance between
the center of any fluid molecule and the pore wall, with the figure
displaying only the density distribution within half of the pore
area. The red regions signify areas of strong adsorption, the green
regions indicate areas of weak adsorption, and the blue regions
represent the bulk phase.

As shown in Fig. 10, the adsorption density distributions of the
three SLD models exhibit a consistent trend. Under constant
pressure, the molecular density increases as the distance from the
pore wall decreases and decreases as the distance from the pore
wall increases. This phenomenon can be attributed to the stronger
interaction between fluid molecules and solid molecules on the
pore surface when they are closer to the pore wall, resulting in a
high-density adsorption zone. Conversely, the weakening of fluid-
solid interactions at greater distances from the pore wall leads to a
gradual decrease in density, ultimately forming the bulk phase
region. As the pressure begins to rise, the overall density also in-
creases; however, the rate of increase diminishes with increasing
pressure. This behavior is due to the increased occupation of
adsorption sites on the pore surface by gas molecules as the
pressure increases.

Furthermore, the density distributions of the three SLD models
exhibit significant differences. Despite characterizing laboratory
adsorption isotherms at the same temperature, the maximum
adsorbed phase densities for the slit, cylindrical, and spherical SLD
models were 11300, 16900, and 12100 mol/m?, respectively, with
the cylindrical model exhibiting the highest density, followed by
the spherical model and then the slit model. These variations are
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Fig. 10. The distribution characteristics of the absolute adsorption density in the

laboratory were characterized by slit, cylindrical and spherical SLD models (the
density distribution in the figure shows only the 1/2 pore size range).
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attributed primarily to the differences in internal volume and
surface area among the different pore geometries. Additionally,
under identical pressure conditions, the rate of change in the
adsorption density varies among the three models. Specifically, the
spherical SLD model results in the most rapid density change,
whereas the slit SLD model results in the slowest change. More-
over, within spherical pores, the density does not peak at (3/8) o
but rather reaches its maximum at approximately (3/5) o because
of the pronounced curvature of the inner pore walls. This curva-
ture leads to an uneven distribution of fluid molecules, resulting in
more rapid density changes and a delayed peak value.

4.2. Comparison and analysis of SLD models with different
geometries

The specific surface area of pores is a critical parameter influ-
encing the adsorption behavior in shale. Consequently, when the
pore size and volume are held constant, variations in pore geom-
etry result in differing specific surface areas, which significantly
impact the gas adsorption capacity. To further investigate the in-
fluence of pore structure on the adsorption capacity of nanoporous
shale, slit, cylindrical, and spherical SLD models were used to
calculate the methane adsorption capacity and density distribu-
tion at 353.15 K. The parameters employed in these calculations
are detailed in Table 3. To ensure consistency in pore size and
volume across the three geometries, we standardized the pore
diameter to 2 nm and the pore volume to 4x/3 nm°>. This stan-
dardization resulted in specific surface areas of 4x/3 m?/g for slit
pores, 8x/3 m?/g for cylindrical pores, and 12z/3 m?/g for spherical
pores. All other parameters from the preceding section were
maintained at their average values.

Fig. 11 shows the adsorption isotherms derived from the SLD
models with varying pore geometries. Under identical pore size
and volume conditions, the specific surface area of cylindrical
pores is twice that of slit pores, whereas the specific surface area of
spherical pores is threefold greater than that of slit pores. Conse-
quently, the maximum excess adsorption capacity in cylindrical
pores exceeds that in slit pores by more than twofold, and in
spherical pores, it surpasses that in slit pores by more than four-
fold. These findings indicate a significant influence of the pore
specific surface area on the adsorption capacity, demonstrating
that the adsorption capacity increases proportionally with the
specific surface area. Fig. 12 shows the distributions of the absolute
density as calculated via various models. While there is no
apparent correlation between density and either specific surface
area or adsorption capacity, the maximum density has the
following relationship: spherical model > cylindrical model > slit
model. Furthermore, under low-pressure conditions, the disparity
between the maximum density adjacent to the spherical pore wall
and that near the walls of other shapes is more pronounced than

Table 3
Input parameters of the spherical, slit and cylindrical pore SLD models with the
same pore size.

Parameters ers/kg, K Rs,nm  Lg,nm As, m?/g A,  Vmax, mmol/g
SLD model

Slit pore 12 — 2 4x(3 0.7 0.00393
Cylindrical pore 12 1 4/3 8x/3 0.7 0.00843
Spherical pore 12 1 - 12n/3 0.7 0.01892
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Fig. 11. Influence of different pore geometries on the excess adsorption isotherms.

that under high-pressure conditions. This phenomenon can be
attributed to the greater specific surface area of the spherical
pores, which enhances the fluid-solid interaction energy, thereby
facilitating a higher concentration of gas molecules adsorbed near
the pore wall at lower pressures.

Notably, the gas adsorption capacity and density distribution
characteristics are significantly influenced by the pore specific
surface area, whereas parameters such as specific surface area and
volume are intrinsically linked to the pore geometry. Conse-
quently, neglecting pore geometry can lead to substantial inac-
curacies in predicting and characterizing the adsorption behavior
of shale.

4.3. Comparison and analysis of the spherical SLD models with
different pore sizes

To investigate the impact of varying pore sizes on the adsorp-
tion behavior within the shale spherical pores, the parameters &g/
kg = 4.85 K and A, = 0.64 were utilized to construct a spherical
SLD model with diameters Ds ranging from 1, 1.5, and 2 to 10 nm in
1 nm increments. The excess adsorption isotherms at 353.15 K
were subsequently calculated, as illustrated in Fig. 13.

The excess adsorption capacity refers to the difference in the
amount of gas between the case where adsorption occurs in any
given volume of pores and the case where it does not occur. It is
also equal to the numerical integration along the radial direction of
the difference between the adsorbed phase density near the pore
walls and the bulk phase density at the center of the pores, as
shown in Eq. (19). As shown in Fig. 13, when the aperture size
remains unchanged, the excess adsorption amount in the pores
tends to increase first and then decrease with increasing pressure.
When the aperture size is less than 8 nm, the maximum excess
adsorption amount in the pores increases with increasing aperture
size; when the aperture size is approximately 8 nm, the maximum
excess adsorption amount no longer increases significantly; and
when the aperture size is greater than 8 nm, the maximum excess
adsorption amount decreases with increasing aperture size. In
addition, under high pressure, the maximum excess adsorption
amount in the pores can gradually become negative. This is
because when the pore diameter is less than 8 nm, the adsorbed
phase density and bulk phase density both increase at the same
rate with increasing pressure. At this time, the influence on the
excess adsorption amount is relatively small; however, when the
pore diameter reaches approximately 8 nm, because many
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Fig. 12. Characteristics of the density distributions in various pore geometries.

effective adsorption sites in the adsorbed phase near the pore wall
are occupied by methane molecules, the adsorbed phase density
basically remains unchanged as the pressure increases, whereas
the bulk phase density in the pore center continuously increases at
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Fig. 13. Excess adsorption isotherms in the spherical SLD model for different pore
diameters.

a relatively fast rate with increasing pressure, resulting in the
cessation of the increase in the excess adsorption amount. Espe-
cially under high pressure, when the bulk phase density is large
enough, the excess adsorption amount can change from a positive
value to a negative value. This phenomenon is consistent with the
research results obtained by Song et al. (2018) and Myers and
Monson (2002).

A variety of spherical SLD models have been developed with
varying pore sizes. In this study, we focus on models with di-
ameters of 2, 5, and 10 nm to analyze their density distributions.
Fig. 14 shows the density distributions calculated via the spher-
ical SLD model for the specified pore sizes. The results indicate that
the maximum adsorbed phase densities are 12,650, 10,870, and
6,840 mol/m>. As the pore diameter increases, the maximum
adsorbed phase density tends to decrease. This trend can be
attributed to the increased distance between fluid molecules and
solid surface molecules within the pores, leading to a reduction in
the interaction energy. Consequently, more fluid molecules grad-
ually move away from the adsorbed phase. Additionally, when the
adsorbed phase density is below 5,170 mol/m> at maximum
pressure, the excess adsorption amount becomes negative, further
supporting the aforementioned observations. In addition, the
adsorbed phase density in the 2, 5 and 10 nm spherical pores
reached its peak at 0.226, 0.258 and 0.383 nm from the pore wall.
With increasing pore diameter, the position where the maximum
adsorbed phase density is reached is farther from the pore wall.
This phenomenon can be attributed to the interaction between
solid molecules and adsorbed fluid molecules on the pore surface.
In pores with smaller diameters, the interaction between solid and
fluid molecules typically predominates. However, in larger pores,
the interactions among fluid molecules themselves become more
significant (Zaitseva and Tovbin, 2023).

4.4. Influence of different fluid-solid interactions on the adsorption
of the spherical SLD model

The number of layers of solid molecules on the pore wall
significantly influences the capacity of the adsorbent to adsorb gas
molecules. In traditional slit and cylindrical pore SLD models, the
layer number of solid molecules is typically set to four when
calculating the potential energy of fluid-solid interactions; how-
ever, previous studies (Rangarajan et al., 1995; Chen et al., 1997)
have not provided a detailed rationale for this choice.
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Fig. 14. Absolute density distributions of the spherical SLD model for different pore
sizes.

Consequently, this section aims to compare and analyze the
adsorption behavior of the spherical SLD model by varying the
number of solid molecular layers. Furthermore, we validated the
optimal number of solid molecular layers.
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As shown in Fig. 15, for spherical pore adsorption isotherms
with different pore wall molecular layers, the fourth molecular
adsorption isotherm can obviously serve as a dividing line. Before
the fourth layer, the adsorption isotherms from the first layer to
the fourth layer clearly differ, among which the %AAD values of the
adsorption isotherms from the first layer to the fourth layer are
39.25% and 9.18% between the second and fourth layers and 2.52%
between the third and fourth layers. However, the difference de-
creases significantly after the 4th layer; for example, the AAD of
the 4th and 5th layers decreases to 1.25%, which is almost the
same. An analysis of the density distributions of layers 3,4 and 5 in
Fig. 16 reveals that the density values under each pressure are very
close. In summary, compared with the number of molecular layers
in pore walls with more than four layers, the adsorption capacity
and density values under the fourth layer basically reach a
maximum, which reflects the adsorption capacity of the entire
pore.

The number of solid molecular layers still affects the adsorption
capacity and density value to a certain extent after the fourth layer.
However, pursuing an excessive number of molecular layers is
impractical because of the need to balance computational effi-
ciency and accuracy. Our objective is to maintain high accuracy
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while minimizing computational intensity. Specifically, in
computational methods such as MS and DFT, increasing the
number of solid molecular layers significantly escalates compu-
tational demands (Steele and Bojan, 1998). Therefore, four layers of
pore walls are deemed sufficient for accurate adsorption
calculations.

4.5. Influence of different fluid-fluid interactions on the adsorption
of the spherical SLD model

As outlined in Section 2, for the development of the spherical
SLD model, the parameters b,ys and b represent the repulsive
forces of the adsorbed phase and bulk phase, respectively. These
parameters quantify the repulsive interactions between fluid
molecules and indicate the volume occupied by fluid molecules
within the pore adsorbed phase or bulk phase. The interaction
between solid and fluid molecules at the pore results in a deviation
in the volume occupied by the adsorbed phase near the pore wall
compared with that in the bulk phase away from the pore wall. To
accurately capture this deviation, we introduce an adjustable
parameter Ay,. This parameter not only characterizes variations in
intermolecular repulsion across different regions but also signifi-
cantly enhances the computational accuracy of the SLD model.

In general, when the SLD model is utilized for regression
analysis of adsorption isotherms, accurate fitting of experimental
data can be achieved primarily by adjusting the value of A,. With
the parameters &g /kg = 4.85 K and Rs = 1.49 nm fixed, we fit the
laboratory excess adsorption isotherm at 353.15 K. As illustrated in
Fig. 17, A, generally tends to decrease with increasing pressure. A
positive value of Ay, indicates an increase in repulsive forces within
the adsorbed phase. The decrease in A, with increasing pressure
suggests that the difference in repulsive forces between the
adsorbed phase and the bulk phase gradually diminishes. This
phenomenon occurs because during the initial stage of pore
pressure increase, the density of the adsorbed phase increases
more rapidly than that of the bulk phase does, leading to the
largest repulsion force difference. However, as the adsorption
amount reaches its peak, the growth rate of the adsorbed phase
density slows relative to that of the bulk phase, resulting in a
reduction in the repulsive force difference.

To further investigate the impact of A, on gas adsorption
behavior in spherical pores, a series of repulsive force parameters

(A, = 0, 0125, 0.25, 0.5, and 0.75) were selected. The
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Fig. 17. The A, used for fitting the laboratory adsorption isotherm at 353.15 K.
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Fig. 18. Relationship between the excess adsorption isotherms and A, at 353.15 K.

corresponding adsorption isotherms were calculated via the
spherical SLD model, as illustrated in Fig. 18. As depicted in the
figure, the excess adsorption capacity is negatively correlated with
Ap; it decreases as Ay, increases. Specifically, the higher the value of
Ay, is, the sooner the excess adsorption capacity reaches its peak.
This phenomenon can be attributed to the fact that a larger Ay
results in a stronger repulsive force within the adsorbed phase,
leading to a reduced occupied space volume and consequently
fewer gas molecules being adsorbed per unit volume. Therefore,
the excess adsorption capacity continues to decrease. Additionally,
the gas in the pores reaches saturation more readily at higher
values of Ay,.

5. Conclusions

On the basis of SLD theory, this paper proposes a new adsorp-
tion model that considers spherical pores for the first time. This
model, by introducing a more accurate Peng-Robinson equation of
state and a Lennard-Jones 10—4 potential function based on the
spherical surface integral, can rapidly calculate the adsorption
isotherms and density distributions within the spherical nano-
pores of shale. Compared with conventional theory models and
traditional SLD models, the new model not only overcomes their
shortcomings in characterizing the adsorption behavior within the
complex pore structure of shale but also significantly improves the
calculation accuracy of adsorption simulations, even with fewer
fitting parameters. Through the verification and analysis of the
new model, we draw the following conclusions regarding the
methane adsorption mechanism within the spherical pores of
shale:

(1) When the pore size and volume are the same, the maximum
excess adsorption capacity of methane in spherical pores is
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4.81 times greater than that in slit pores, and the maximum
excess adsorption capacity of methane in cylindrical pores is
2.24 times greater than that in slit pores. The relationship of
the maximum adsorption phase density is as follows:
spherical > cylindrical > slit. The excess adsorption capacity
and density of pores are strongly affected by their geometry.
Therefore, if the geometric shape of the pores is ignored
when characterizing the methane adsorption behavior in
shale, it will cause a large error.

(2) When the pore diameter remains constant, the excess
adsorption amount in the spherical pores first increases
but then decreases as the pressure increases. When the
pore diameter changes, the maximum excess adsorption
amount in spherical pores less than 8 nm in diameter in-
creases with increasing pore diameter, whereas in spher-
ical pores greater than 8 nm in diameter, the maximum
excess adsorption amount decreases with increasing pore
diameter. Moreover, at high pressure, the maximum excess
adsorption amount in the spherical pores can gradually
become negative.

(3) For the different fluid-solid interactions within spherical
pores, we verified that the optimal condition is when the
solid molecular layer on the pore wall is 4 layers. Under
these conditions, both the adsorption amount and density
values are basically at their maximum values, which can
reflect the complete adsorption capacity of the spherical
pores in shale. For the repulsive force index A, which re-
flects the fluid-fluid interaction, we find that A, has a
negative correlation with the excess adsorption amount and
pressure.
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Appendix

The adsorbed phase attractive parameter a,4s(z) is a position-
dependent parameter, that is proportional to the total configura-
tional energy ®@(z) of the two-body interactions between an arbi-
trarily selected gas molecule in the pore and all surrounding
molecules (Pang et al., 2020; Branka and Heyes, 2006).

a Puik
AnegrogNappuIk
Py = — —— (A2)

3

To determine the configurational energy of gas molecules
within spherical pores, a cylindrical coordinate system is estab-
lished. An arbitrarily selected central molecule A serves as the
origin, whereas molecule B represents any other molecule in the
system. The virtual variable y denotes the axial distance in the
cylindrical coordinate system, with y = 0 corresponding to the
position where the center of molecule A is at a distance z from the
inner wall of the pore. The angle ¢ represents the angular coordi-
nate, and r signifies the radial distance within this coordinate
system, as illustrated in Fig. Al.
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The projected lengths of molecules A and B along the y-axis are
easy to find. Therefore, to obtain the projected length of two
molecules in the direction of the r-axis, we assumed that cross-
section M-N passed through the center of molecule A and
extracted cross-section M-N from the sphere pore for analysis, as
shown in Fig. A2. When the distance between two molecules is the
largest, the maximum projected length of the two molecules in the

2
direction of the r-axis is \/(RS - 36ff/8) — (Rs — z — y)?, as shown
in Fig. A2(a). When two molecules are in contact with each other,
the minimum projected length of the two molecules in the r-axis

direction is /o2 —y2, as shown in Fig. A2(b). In addition, the
arbitrary projected length of the two molecules on the cross-

2
section M-N is \/<RS — 3aff/8) — (Rs —z—y)?/cos 6, as shown
in Fig. A2(c).

M-N cross section (y = 0)

Spherical pore

Top view of spherical pore

Left view of spherical pore

Fig. Al. Spherical porous cylindrical coordinate system.
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M-N cross section (y = 0)

Spherical pore Top view of spherical pore

A
v

N

(a) Maximum projected length along the r axis on the M-N section of two molecules

Spherical pore Top view of spherical pore

(b) Minimum projected length along the r axis on the M-N section of two molecules

Left view of spherical pore

M-N cross section (y = 0)

Left view of spherical pore

M-N cross section (y = 0)

Spherical pore Top view of spherical pore

(c) Arbitrary projection length on the cross section of two molecules of M-N

Fig. A2. The projected length of two molecules on the cross-section M-N.

To summarize, we establish the geometric relationships
among y, 1, @ and z within the cylindrical coordinate system.
Moreover, to refine the calculation of the configurational energy,
the molecular configurational energy in spherical pores can be
categorized into two primary scenarios on the basis of the ratio of
the inner diameter Ds of the spherical pore to the diameter o of
the gas molecules. Additionally, gas molecules within the pore
are classified into two regions: those near the pore wall (3 o/8<
z < 11 o¢/8) and those distant from the pore wall (11
oi/8 <z < Rs).

Scenario 1: When 3 < D/, it can be divided into the following
two calculation situations:

708

Left view of spherical pore

Situations 1.1: For 3 64/8 < z < 11 6¢/8, the integral is calculated

in the following three regions:
In region 1.1.1: y ranges from 3 65/8 — z to

0 T

6 2

@111 = — 4Nasggrogp(2) [
30 /8-2 Jo

\/ (Ry—301 /8) ~(Rs—y—2)* .

X / cos ¢ -
o-y? (r2+y?)

In region 1.1.2: y ranges from O to o,

0,

5 drdedy

(A3)



Y. Zhao, D.-G. Quan, C.-L. Wang et al.

5 o 5
@112 = — 4Npegrogp(2) / f
o Jo
\/(R5_3¢7ff/8)2_(Rs_y_z)2

X / C0s 0
oZ—y?

ff

;
— T __drdedy  (A4)
(2 +y2)°

In region 1.1.3: y ranges from o to Ds — 3 6¢/8 — z,

6 D5—3D‘ff/8—Z S
@113 = — 4Npegrogp(2) / /;

Off

\/ (Rs—301/8)"~(Ro—y—2)’

« / coso — I drdedy (A5)
0 (2 +¥2)

Therefore, for situation 1.1, the total configuration energy &1 is
equal to the sum of the integrals of @111, #4112, and ®113.

@11 =D111 + D112 + P13 (A6)

Situations 1.2: For 11 64/8 < z < Rs, the integral is calculated in
the following three regions:
In region 1.2.1: y ranges from 3 64/8 — z to — oy,

5 —off 5
Dip1 = — 4NA€ff0ffﬂ(Z)/ [
301 /82 Jo

V/ (Rs300/8) (k27

x / cosd — I drdedy (A7)
0 (2 +y2)

In region 1.2.2: y ranges from —og to oy,

6 o (5
D122 = —4NA8fff7ffP(Z)/ /(:
—off

\/(Rs—3(;“/8)2—(125—3/—@2 .
« / —wso — ' __drdedy  (A8)
oty (r?+y?)

In region 1.2.3, y ranges from o to Ds — 3 o¢/8 — z, and the
integral calculation of the configuration energy &1,3 is the same as
Eq. (A5).

Therefore, for situation 1.2, the total configuration energy &1 is
equal to the sum of the integrals of @131, @122, and ®123.

D1y =D11 + P12 + D123 (A9)

Scenario 2: When 2 < Ds/og < 3, it can be divided into the
following two calculation situations:

Situations 2.1: For 3 o6¢/8 < z < Ds — 11 og/8, the integral is
calculated in the following three regions:

In region 2.1.1, y ranges from 3 o¢/8 — z to 0, and the integral
calculation of the configuration energy @-1; is the same as Eq. (A3).

In region 2.1.2, y ranges from O to o¢, and the integral calcula-
tion of the configuration energy @1, is the same as Eq. (A4).

In region 2.1.3, y ranges from og to Ds — 3 o¢/8 — z, and the
integral calculation of the configuration energy @13 is the same as
Eq. (A5).Therefore, for situation 2.1, the total configuration energy
@51 is equal to the sum of the integrals of ®,17, #3212, and ®,13.

(A10)

Situations 2.2: For Ds — 11 o4/8 < z < Rs, the integral is calcu-
lated in the following two regions:

D1 =Dr11 + P212 + D213
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In region 2.2.1, y ranges from 3 6¢/8 — z to 0, and the integral
calculation of the configuration energy @, is the same as Eq. (A3).
In region 2.2.2: y ranges from 0 to Ds — 3 o¢/8 — z,

; D307 /8-2 &
D22 = — ANpegrogp(2) /0 [

\/(}3573@(/8)27(Rry7z)2 .
X / cos 0 ﬁdrdedy
ok y? (r2 +y?)

(A11)

Therefore, for situation 2.2, the total configuration energy @, is
equal to the sum of the integrals of @331 and @73;.

Dy =Do21 + P22 (A12)

When Ds/og < 2, owing to the geometric constraints imposed by
the spherical pore size, only a single gas molecule can be accom-
modated within the pore. Consequently, both the interaction en-
ergy parameter e and the overall configurational energy @ are
zero. Therefore, gas adsorption in spherical pores with diameters
Ds less than twice the molecular diameter o4 is excluded from the
statistical analysis.
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