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The quantity of gas adsorbed by shale, typically quantified using the Langmuir
equation in isothermal adsorption experiments, is a critical metric for evaluating
the gas content and resource potential of shale formations. However, the
Langmuir equation frequently underestimates the actual adsorption capacity
of shale gas reservoirs because it does not differentiate between excess and
absolute adsorption capacities. To address this limitation, the simplified local
density (SLD) model effectively characterizes excess adsorption in porous
materials. Consequently, the SLD model was employed alongside isothermal
adsorption experiments conducted under diverse conditions. The Levenberg-
Marquardt (LM) algorithm was utilized to develop a shale adsorption model
that integrates the effects of pressure, temperature, and moisture. To achieve
this, several isothermal adsorption experiments with methane were conducted
at various temperatures and water saturation levels, facilitating a detailed
analysis of adsorption mechanisms influenced by temperature and moisture
individually. Additionally, the combined effects of these factors on the adsorption
mechanism were examined, resulting in a predictive adsorption model that
incorporates both temperature and moisture variables, based on the SLD
model and LM algorithm. The findings demonstrate that the SLD model
effectively fits shale gas adsorption data under varied conditions, with average
absolute deviations remaining below 10%. When both temperature and moisture
simultaneously impact the adsorption capacity of shale gas, their effects tend
to counteract each other, as they primarily influence methane adsorption within
the same shale pores. The temperature- and moisture-responsive model derived
from the SLD framework can predict the quantity of gas adsorbed in shale
under varying temperatures and water saturation conditions. Experimental data
from isothermal adsorption studies of Longmaxi shale, along with corroborating
literature, confirm the model's validity and applicability.

shale gas, simplified local density model, gas content prediction model, temperature,
moisture
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1 Introduction

Shale gas leads the oil and gas exploration sector, with
resource assessment serving as the foundation for comprehensive
planning in gas feld development and potential evaluation. In shale
reservoirs, gas is primarily stored within the pore-fracture systems
of shale formations, manifesting as adsorbed gas, free gas, and
dissolved gas. Notably, adsorbed gas accounts for 25%—85% of the
total reserves (Curtis, 2002). T erefore, it is essential to develop
a comprehensive understanding of the adsorption mechanisms
of shale gas under complex environmental conditions and to
establish a reliable adsorption model for accurately estimating
the storage, exploration, and development capacities of shale gas
resources.

Currently, the evaluation of adsorbed gas content predominantly
relies on indoor isothermal adsorption experiments. However,
these experiments typically use dry cores (Babatunde et al.,
2022; Jeong et al., 2022). Most research focuses on how pressure
and temperature infuence the adsorption characteristics of shale.
Generally, increasing temperature inhibits adsorption, as the
binding capacity of methane to shale decreases with rising
heat. Nevertheless, actual shale reservoirs usually contain water
(Ali et al., 2022; Ren et al., 2019), which further reduces methane
adsorption. Consequently, the efect of moisture on shale adsorption
characteristics is both signifcant and cannot be ignored (Li et al.,
2017; Lietal., 2016; Yang et al., 2017).

In estimating adsorbed gas content under reservoir conditions,
the Langmuir equation is primarily used to ft data from isothermal
adsorption experiments. However, these experiments measure
excess adsorption rather than absolute adsorption (Clarkson and
Haghshenas, 2013), leading to signifcant underestimation of gas
content. To address this, various theories and methods have been
developed to explore shale’s adsorption characteristics, including
molecular simulation (Yang et al., 2023), density functional theory
(Yan and Yang, 2005), and the simplifed local density (SLD) model
(Huang et al., 2022; Qi et al., 2019).

Despite their potential, molecular simulation and density
functional theory are ofen unsuitable for modeling macroscopic
gas adsorption in shale due to their inherent complexity and high
computational cost. Te simplifed local density (SLD) model,
however, efectively simulates the isothermal adsorption curve by
considering interactions between the adsorbent and adsorbate.
Initially proposed by Rangarajan et al. (1995), this mean-feld model
accounts for both fuid-fuid and fuid-solid interaction potentials,
with the selection of the equation of state (EOS) signifcantly
infuencing the simulation results.

Subsequent enhancements introduced various EOS, such
as PR EOS (Subramanian et al., 1995), ESD EOS (Soule et al.,
2001), Bender EOS (Puziy et al, 2003), PTV EOS (Zeng,
2017), and RKS EOS (Wu et al., 2022), to refne calculations
of fuid fugacity, bulk phase fugacity, and fuid density, thereby
improving model accuracy. To further enhance precision under
high-pressure conditions, Fitzgerald et al. (2003) introduced an
empirical parameter to adjust the co-volume parameter. T ese
modifcations have broadened the SLD models application,
particularly in simulating gas adsorption in porous media
(Chareonsuppanimit et al., 2012; Fitzgerald, 2005; Fitzgerald et al.,
2006; Huang et al., 2022; Qi et al., 2019).
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Notably, Fitzgerald et al. (2006) extended the SLD model
to incorporate mixture adsorption by integrating fuid mixing
rules, whereas Chareonsuppanimit et al. (2012) utilized it to
predict the isothermal adsorption curves of carbon dioxide and
methane in shale. Tese studies primarily focus on validating the
applicability of the SLD model for various adsorbents or predicting
adsorption using existing data. However, research examining
temperature- and moisture-dependent supercritical adsorption
models remains limited. In summary, although the SLD model
has been extensively studied, it has not been applied under actual
formation conditions. Some researchers contend that implementing
a method in practice can be as challenging as developing a new
one entirely.

Te adsorption properties of shale are infuenced by multiple
factors during the shale gas adsorption process, yet most
studies tend to isolate a single factor—such as temperature or
moisture—in evaluating adsorption. Investigations exploring
the combined infuence of pressure, temperature, and moisture
on shale’s adsorption mechanism are rare. In real shale
reservoirs, the adsorbed gas content is afected by a variety of
interrelated factors. To accurately estimate the adsorbed gas
content under reservoir conditions, it is crucial to account
for the combined efects of these variables. Developing a
temperature- and moisture-dependent model, based on the
SLD model, would provide a more reliable estimate of gas
content under the complex conditions found in real-world shale
formations.

Current research primarily focuses on validating the SLD model
for diverse adsorbents or predicting adsorption using existing
data. However, there is a paucity of studies on supercritical
adsorption models incorporating both temperature and moisture.
Although the SLD model has been extensively explored, it has not
been fully applied under actual formation conditions. Researchers
emphasize that implementing a theoretical method in practice
can be as challenging as developing a new one. Shale adsorption
properties are infuenced by multiple factors; however, most
studies examine only one factor at a time, such as temperature
or moisture. Te combined efects of pressure, temperature, and
moisture on shale adsorption have been rarely investigated. In
actual shale reservoirs, multiple factors infuence the adsorbed gas
content. To accurately determine this under reservoir conditions
using the SLD model, it is essential to consider these combined
infuences and develop a model that accounts for dependencies
on temperature and moisture. T is approach would ofer a more
accurate representation of gas content in complex, real-world
conditions.

2 Experimental section
2.1 Samples

Te shale samples analyzed in this study were collected
from the Sichuan Basin, China. As illustrated in Figure 1, the
Sichuan Basin, situated in the eastern Qinghai-Tibet Plateau and
the northwestern Yangtze Plate, is a multi-cycle, rhombohedral
sedimentary superimposed basin that has undergone multi-
stage and multidirectional deep fault activity throughout
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FIGURE 1
Geographical location of the study area (Nie, et al., 2021).

its geological history (Liu et al, 2018). Over geological
time, a series of marine shale formations were deposited in
the Ordovician Wufeng Formation and Silurian Longmaxi
Formation within the Sichuan Basin. Te burial depth of the
shale reservoir generally ranges from 2,000 to 5500m. Te
Wufeng Formation predominantly contains black graptolite-
rich siliceous shales and ash-bearing siliceous shales throughout
the region, while gray shales or silty shales are found near the
paleo-uplif. Te thickness of this shale sequence is generally
less than 10m (Nie et al., 2017). Conversely, the Longmaxi
Formation is characterized by extensive deposits of black
graptolite-rich, organic-rich shales with thicknesses ranging from
approximately 85-105 m.

Table 1 summarizes the physical properties of the shale
samples. Following established experimental protocols, porosity
was measured using the helium method, and total organic carbon
(TOC) was determined through high-temperature combustion
of powdered samples. Specifc surface area and pore size were
determined through liquid nitrogen (N2) adsorption experiments.
Shale pore structure was characterized by analyzing the adsorption
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and desorption curves of N, within shale pores under low
temperatures (77.4K) and pressure. Tese data enable the
calculation of specifc surface area and pore size. Specifc surface area
was calculated using the BET equation (Brunauer et al., 1938), while
pore size was determined through the BJH equation (Barrett et al.,
1951). Whole-rock mineral composition and the relative content of
clay minerals were analyzed using an X-ray difractometer. Images
of shale samples are provided in Figure 2.

Table 2 details the isothermal adsorption data and
conditions gathered in this research. It includes data for samples
No. 1-5 from Table 1, collected under varying temperatures and
water saturation levels. Tis information was analyzed to develop
models dependent on both temperature and moisture. Specifcally,
data from samples 1 and 2 were used to explore how temperature
afects the adsorption mechanism of shale, while samples 1 and 3
provided insights into the impact of water saturation. Additionally,
samples 4 and 5 were examined to understand the combined efects
of temperature and moisture. T rough comprehensive analysis
of these samples, a model accounting for both temperature and
moisture infuences was developed.
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TABLE 1 Physical properties of shale samples.

Sample Porosity (%) TOC (%) BET specific surface Pore width (nm) Density (g/cm?®)
area (m?/g)
1 43 478 25.46 361 261
2 45 452 178 411 —
3 6.4 9.4 3158 24 236
4 58 445 30.68 413 255
5¢ — 57 — — —
Sample Quartz (%) Feldspar (%) Carbonate (%) ‘ Clay (%) ‘ Pyrite (%) ‘
1 514 49 112 29 35
28 48 7 10 27 4
3 66.7 4.1 226 6.6
4 66.9 8.6 34 129 8.2
5¢ 38.7 06 59 17
Sample [(NERVA 1/S (%) Montmorillonite (%) ‘ Kaolinite (%) ‘ Chlorite (%) ‘
1 71 2 0 3 4
2 25 72 0 1 2
3 35 65 0 0 0
4 61 28 0 3 8
5¢ — _ — — —

2Data from the literature (Lingjie et al., 2015).
bData from the literature (Yang et al., 2017).
“Data from the literature (Gasparik et al., 2013). I/S is illite/montmorillonite mixed layer.

FIGURE 2
Photos of original full diameter samples of sample 1 and 2.
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TABLE 2 Experiments and corresponding experimental conditions.

10.3389/feart.2025.1519040

Sample TOC (%) ’ Temperature (K) Water saturation (%)
303.15, 323.15, 343.15 0

1 478
303.15 0,15.7,40.3

2 45 303.15, 318.15, 333.15, 353.15 0

3 9.4 312 0,33,53
303.15 0

4 445 318.15 42,399
333.15 15.8
318.1 0,269

5 5.7 338.1 0,268
348.1 0,268

2.2 High-pressure methane adsorption
experiments

Te isothermal adsorption method is widely recognized as
the standard approach for evaluating shale’s adsorption properties.
Tis technique evaluates the gas adsorption capacity of shale
per unit mass by maintaining constant temperature and varying
pressure. In this study, the volumetric method was used to quantify
shale’s adsorption capacity per unit mass. T e volumetric technique
involves placing the shale sample in a chamber, introducing helium
to fll the non-adsorbed space, followed by methane gas. Methane
is partially adsorbed by the shale, reaching equilibrium over time.
T e adsorption capacity per unit mass is determined by the change
in gas volume within the chamber. At a constant temperature,
methane is adsorbed at diferent pressures, forming a characteristic
adsorption layer on the shale surface. However, as the adsorbed
phase volume cannot be directly measured, the absolute adsorption
amount remains inaccessible. Te excess adsorption amount (or
experimental adsorption amount) is measured, with the relationship
between excess and absolute adsorption amounts provided by the
following conversion formula:

Maps = M/ (1= pg/pa) = Mgy + pgva

Where m, represents the absolute adsorption amount, g; m,
is the excess adsorption amount, g; pg is the density of methane,
mol-m™3; p, refers to the density of the adsorbed phase, mol-m™3,

3 Simulation methods
3.1 Gas adsorption model
Rangarajan et al. (1995) applied the mean-feld approximation

to general density functional theory, leading to the formulation
of the simplifed local density (SLD) model. Tis model posits
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that interactions between adsorbate molecules, as well as those
between adsorbates and adsorbent surfaces, collectively govern
the adsorption process. Specifcally, fuid-fuid interactions among
adsorbate molecules and fuid-solid interactions between adsorbates
and the adsorbent surface are both critical to the adsorption
process. Interactions among adsorbate molecules are modeled using
an equation of state (EOS), whereas those between adsorbates
and pore walls are represented by potential energy functions.
As shown in Figure 3, the SLD model simplifes the pores of the
adsorbent into slit pores. T e adsorbates with z from one pore wall
are located between the pore walls with a pore width of L, and the
adsorbates are simultaneously subjected to the common forces of
both pore walls and other adsorbates.

At adsorption equilibrium, the chemical potential of adsorbates
at a specifc position z includes both fuid-fuid and fuid-solid
chemical potentials, equating to the chemical potential in the
bulk phase.

u(z) = Uff(z) + Ufs(z) = Mpuik 1

Where (z) is the chemical potential at the z position in the pore,
Jmol™; z is the distance between the adsorbates and the pore wall,
nm; p¢ (2) is the Fuid-fuid interaction chemical potential at position
z in the pore, Jmol™; Hg(2) is the Fuid-solid interaction chemical
potential at position z in the pore, J:mol™; by, is the bulk chemical
potential in the pore, J-mol™,

According to thermodynamic equilibrium, chemical potential
can be expressed by fugacity in nanopores:

fbulk
Mouik = Uo(T) +RTIn (f_) @)

0
fi(@)
He(2) = Uo(T) +RT In (f—) ®3)
0
Where Ly (T) represents any reference state chemical potential,
Jmol?; f, refers to the fugacity of any reference state, Pa; fy, and
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FIGURE 3

10.3389/feart.2025.1519040

Schematic diagram of simplified local density model. It is assumed that the pores of the adsorbent are slit pores and the adsorbates are located

between the two pore walls.

f(2) are respectively the bulk fugacity and the adsorption phase
fugacity at z position in the pore, Pa.

In nanopores, the adsorbates are subjected to the force of the
pore walls on both sides, and the chemical potential generated can
be expressed as follows (Rangarajan et al., 1995):

His(@) = NALY"@) +4"(L - 2)] 4)

Where N, is Avogadros number; W®(z) and W*(L-z) are the
potential energy generated by the interaction between adsorbates at
position z in the pore and the pore walls on both sides, J.

Equations 1-4 can be obtained simultaneously:

fs fs(L -
(@ = Ty (- LOTLLTD, ©)

Where k refers to Boltzmann's constant, 1.3806505 x 10723 J.K 1,

Te potential energy generated by the interaction between
adsorbates at position z in the pore and the pore walls on both
sides can be calculated by Lee’s 10-4 potential model (Lee and
Brenner, 1988):

10 4 4

o 0
fs(z) = 4mp.. e..02 £ -1 v
=@ Patoms€1sT; € 5(z+0/2)10 2 le (z+04/2 + (i - 1)og)* ?
(6)
where,
Efs = Vgt X &g @
Off + O
Ofs = 2 (8)

Where p,ms iS the density of carbon atoms, 38.2 atoms-nm™2; g
is the fuid-solid interaction energy, J; & is the fuid-fuid interaction
energy, J; & is the solid-solid interaction energy, J; 0y, is the diameter
of fuid-solid, m; o4 is the interplanar distance of carbon, 3.35 x
1070 m.

In the SLD model, the fuid equation of state is used to determine
parameters like fuid fugacity, bulk fugacity, and fuid density. In
this study, afer evaluating various fuid equations of state, the PR-
EOS was selected for computing these parameters. Te equation
is given by Subramanian et al. (1995):

P _ 1 _ a(T)py,
RTp, 1-Dbp, RT(1+2bp, -b?p?)

©)
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where
0.4575350(T)R?T?2
a(T) = # (10)
PC
0.077796RT
b= P—° 12)

c

Teterm a(T) is expressed as (Gasem et al., 2001):
a(T) = exp [(2.0+0.8145T ) (1 — TO134+05080-004670%y] (19

Where P represents pressure, Pa; p, is the bulk density, mol-m™;
a and b are respectively the attraction parameter and covolume,
m3-mol™L; w is the eccentricity factor, T is the critical temperature,
K; P, is the critical pressure, Pa. T e related physical properties of
methane are shown in Table 3 Reid et al. (1987).

In the PR-EQS, the bulk fugacity is calculated as follows.

f b T
bk PP amey —-In( P__Pby
P~ 1-bp, RT(1+2bp,—b?p?) RTp, RT
a(T) [1+(1+\/§)bpb]
2V2bRT plr@- V2)bp, 1

(13)

Similarly, considering the fuid-fuid interaction, the fuid
fugacity in situ of the nanopore is calculated as follows:

fie _ bpz) a(2)p(2) _ P _Pb
g =1 bp(z) RT(1+2bp(z) - b2p2(2)) n RTp(2) RT)
s
am | [l +(1+ E)bp(Z)]
2V2bRT pl+a- Vz)bp(z)]
(14)

Where p(z) refers to the fuid density in situ of the nanopore,
mol-m™3; a(z) is the attraction parameter, Jm®mol™2. a(z) is the
position function of adsorbate molecules in nanopores, which can
be calculated by the formula proposed by (Chen et al., 1997).

By combining Equations 5-14, density distribution of shale gas
in nanopores is thus calculated. T e expression of excess adsorption
amount is as follows:

upper
Nex = 112ZAf  [p(2) - pyldz (15)
lower
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TABLE 3 The physical properties of methane.

10.3389/feart.2025.1519040

P. (MPa) g:1/k (K) o¢ (Nm)
CH, 4.599 190.56 0.113 0.288 148.6 0.3758
FIGURE 4
Experimental and modeling results at different temperatures.

Where n,, is the excess adsorption amount, m®.g™%; A is BET
specifc surface area, m*kg™*; Te lower limit and upper limit of the
integral are respectively 3/8o and L-3/80¢ (Qietal., 2019); Z is the
gas compression factor.

To determine the in situ fuid density using the SLD model,
the pores were divided into intervals of 0.01 nm. Te local in
situ fuid density for each interval was calculated, and the excess
adsorption was determined using the composite Simpson’s method
for integration.

3.2 Modeling method

Te aim of this research is to develop a shale gas adsorption
model that considers variations in temperature and moisture
content, using data from isothermal adsorption experiments
alongside the SLD model. Tis approach enables the direct
calculation of shale gas adsorption under diferent conditions. Te
problem of parameter regression is reframed as a least-squares error
minimization problem with two input and two output parameters
(Golsanami et al., 2019; Yang et al., 2016). To address this, the paper
uses the Levenberg-Marquardt (LM) algorithm to solve the least
squares problem.

Te core idea of the LM algorithm is its integration with the
trust region method, allowing the objective function to satisfy the
linearization condition within a specifc interval, thereby efectively
solving nonlinear least squares problems. T e core idea is to balance
the convergence speed and stability of the algorithm by dynamically
adjusting the damping factor, combining the advantages of Gauss-
Newton method and gradient descent method. Te calculation
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formula of LM method is:
m
S() = 3 [y, = (012
i=1

Where y; is the experimental result and f;(x) is the predicted
value of the model.

4 Results and discussions

4.1 Temperature effects on methane
adsorption

Temperature is a condition that cannot be ignored when
studying the adsorption characteristics of shale. In this section,
methane adsorption characteristics of two shales at diferent
temperatures (303.15K-353.15K) are studied. Te isothermal
adsorption experiment results are shown in Figure 4 and Table 4.
In this paper, the mean absolute error generated when calculating
model regression by %AAD is used to characterize model accuracy:

N
{ Z_l [ni,calculated - ni,test]/ni,test ¥

0, = —
%AAD =100 x ABS{ N T

{ ¥

WHhere n; caicuiated AN N; ot are respectively calculated adsorption
capacity and experimental adsorption capacity at adsorption
equilibrium, m3.g™.. N represents the number of equilibrium
adsorption points.

As can be seen from Figure 4, when the temperature remains
unchanged, the excess adsorption amount rises sharply with
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TABLE 4 SLD model regression results.

Samples Temperature (K) £ss/K (k) AAD (%)
303.15 28.86 3.402
323.15 0 26.14 3310
1 343.15 24.64 0.0176 1182
15.7 20.74 5.742
303.15

40.34 14.26 6.237
303.15 34.62 2.308
318.15 3242 2.962

2 0 0.703
333.15 32.82 4314
353.15 30.18 2.068
0 22.78 5.938
3 312 33 16.58 0.0403 2.440
53 13.14 2581
303.15 0 22.34 4.040
318.15 42 1953 3.816

4 -0.023
333.15 15.8 1221 6.467
318.15 39.9 7.48 7.166

FIGURE 5
Experimental and modeling results at different water saturation.

the increase of pressure at the low-pressure stage. With the  amount gradually decreases. Te excess adsorption amount
pressure increasing gradually, the excess adsorption amount  gradually decreases with the increase of temperature at the low-
increases slowly and reaches the maximum value at about 12 MPa.  pressure stage. In the high-pressure phase, there is a reversal
As the pressure continues to increase, the excess adsorption  phenomenon, that is, with the increase of temperature, the
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FIGURE 6

Effect of water on shale methane adsorption (Li et al., 2021b). Water and methane are in competitive adsorption state in shale pores. Due to the
stronger adsorption capacity between shale and water, water molecules are first adsorbed on the pore surface and form a water film, which hinders the
adsorption and flow of methane. As water saturation increases, water molecules generate capillary condensation in the nanopore, clogging the pore.
(A) Dry, (B) Competitive adsorption, (C) Water film effect, (D) Blocking effect.

FIGURE 7

Experimental and modeling results at different temperatures and water saturation.

excess adsorption amount gradually increases. Tis is because
the adsorption of methane by shale is physical adsorption,
which is an exothermic process. As the temperature rises, the
kinetic energy of adsorbed methane increases, resulting in the
reduction of the force between methane and the solid surface,
thus weakening the adsorption capacity of shale (Chen et al.,
2019; Heller and Zoback, 2014; Huang et al., 2022; Li et al., 2016).
In addition, it is found that the adsorption of gas in shale is
positively correlated with the number of micropores. T e increase
of temperature will change the pore structure of shale, resulting
in the blocking or reduction of the number of micropores, and
further weakening the methane adsorption capacity of shale
(Lietal., 2021a; Mu et al., 2022).
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4.2 Moisture effects on methane
adsorption

Water generally exists in shale reservoirs, which can afect the gas
adsorption capacity of shale reservoirs. T e initial water saturation
range of shale reservoir is 0%—70% (Ali et al., 2022; Ren et al., 2019).
T erefore, this section studies the adsorption characteristics of shale
in the 0%-70% water saturation range of two Longmaxi shales.
T e isothermal adsorption experiment data are shown in Figure 5.
Te SLD model is used to ft the data, and the regression results
are shown in Table 4.

Figure 5 illustrates that with constant water saturation, the
excess adsorption increases sharply as pressure rises during the

frontiersin.org
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TABLE 5 SLD model prediction results.

10.3389/feart.2025.1519040

Samples Temperature (K) Sy (%) ’ /K (k) a/K o/K AAD (%)
303.15 28.86 3.402
323.15 0 26.63 -0.1116 0 2.655
343.15 24.40 2116
1
0 28.86 3.402
303.15 157 2153 0 1732 5.154
40.34 14,05 6.366
303.15 34.62 2.308
318.15 3334 3.622
2 0 -0.0852 0
333.15 32.07 3.003
353.15 3036 4493
0 2278 5.938
3 312 33 16.29 0 1.017 2,096
53 13.29 1.842
303.15 0 2234 4040
318.15 42 20,01 6.008
4 -0.108 2.624
33315 15.8 1263 5.335
318.15 399 7.28 8.014

low-pressure phase. As pressure continues to rise, the rate of
excess adsorption increase progressively slows. Afer reaching
its peak, the excess adsorption gradually decreases as pressure
continues to increase. With constant pressure, the excess adsorption
gradually decreases as water saturation increases. Unlike the efect
of temperature on isothermal adsorption, inversion of excess
adsorption does not occur during the high-pressure phase.

Water molecules inhibit methane adsorption on shale pore
surfaces. Te adsorption process of shale with water is shown
in Figure 6. Te interaction between liquid, gas and solid phases
in shale pores afects the adsorption characteristics of methane
moleculesinshale (Lietal., 2016). At low water saturation, water and
methane molecules compete for adsorption. However, the molecular
force between water molecules and the pore surface of shale is
hydrogen bond (Ma and Yu, 2022; Yang et al., 2020a), and the
molecular force between methane molecules and the pore surface
is van der Waals force. Te hydrogen bonds are stronger than
van der Waals forces. Water preferentially adsorbs and occupies
the methane adsorption potential, which leads to the decrease
of methane adsorption capacity. At high water saturation, water
molecules form water fims on the pore surface of shale and even
produce capillary condensation in the nanopores, blocking the
pore size. T e production and thickening of water flm narrow the
difusion path of methane molecules (Zhang and Yu, 2022), resulting
in methane molecules unable to contact the pore surface of shale.
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Te efect of moisture on pore size of shale is another factor
afecting the adsorption capacity of shale. Methane preferentially
adsorbs in pores with strong adsorption capacity, and micro-
pore flling occurs with the increase of pressure (Mu et al., 2022;
Yang et al., 2020b) found that the maximum adsorption phase
density occurred in the mesopore with a pore size of 4nm. Te
competitive adsorption between water and methane is mainly
concentrated in the mesopore (Zhang and Yu, 2022), and the afnity
of pores to water is higher than that to methane in pores with pore
size less than 30 nm (Ruppert et al., 2013; Sun, 2020) found this by
studying pore widths in dry and moisture samples. Compared with
dry samples, the content of pores with pore width less than 10 nm
in moisture samples is signifcantly reduced, while the content of
pores with pore width more than 10 nm is not signifcantly diferent,
indicating that water in shale mainly afects pores with pore width
less than 10 nm. T erefore, water content in shale decreases the
mesopore content of methane, which leads to the decrease of
adsorption capacity of shale.

4.3 The combined effect of moisture and
high temperature
Under actual reservoir conditions, high temperature and

moisture coexist, which have synergistic negative efects on gas
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FIGURE 8
Experimental and modeling results at different temperatures and water saturation.

adsorption capacity. Tis section studies the methane adsorption  shown in Figure 7. T e SLD model and LM algorithm are used to ft
characteristics of two shales under diferent temperature and water ~ the data (sample 5 lacks specifc surface area and other experimental
saturation states. T e isothermal adsorption experiment results are  results, and is not ftted by the SLD model). T e regression results
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FIGURE 9
Gas density distribution curves with different pore widths.

are shown in Table 4. Te relatively low %AADs listed in Table 4
indicate that the experimental results are in good agreement with
those calculated using the SLD model.

According to Figure 7, during the change of methane pressure,
the variation law of excess adsorption amount in shale is
basically consistent with that described above. Compared with dry
shale, the adsorption capacity of methane in moisture shale is
signifcantly lower.

Temperature and moisture individually reduce the gas
adsorption capacity of shale reservoirs; however, their coexistence
results in combined efects. Previous studies have shown that water
molecules preferentially occupy micropores in water-containing
shale, while methane is adsorbed in micropores larger than 1.5 nm.
Increasing temperatures can alter the pore structure of shale, leading
to clogged or reduced pore sizes. In such cases, temperature and
moisture may counteract each other as they primarily infuence
methane adsorption within the same shale pores. Gasparik et al.
(2013) and Zou et al. (2019) also concluded that water and high
temperature counteract each other based on their study of shale’s
thermodynamic parameters.

4.4 The temperature- and
moisture-dependent model

According to the above analysis and discussion, the SLD model
can well ft the adsorption capacity of shale under diferent specifc
conditions. According to Table 4, ess varies with water saturation
and temperature, which indicates that there is a specifc functional
relationship between ess and them (Fitzgerald, 2005).found a
linear relationship between & and temperature through extensive
experiments:

€T = &0t a(T- TO)

Where e and g, are the solid-solid interaction energy at
temperature T and T, respectively; o is the regression coefcient.

Studies have found that the relationship between excess
adsorption amount and water saturation is not simply linear, but

Frontiers in Earth Science

12

10.3389/feart.2025.1519040

exponential decay (Chen et al., 2012; Li et al., 2021b). T erefore,
to characterize the infuence of moisture on g, the following
exponential function is introduced:

Ess,w = 855,0 eXp (_6SW)

Where &, and g, are the solid-solid interaction energy at
temperature S, and 0, respectively; & is the regression coefcient.

Under actual reservoir conditions, high temperature and
moisture coexist, which have synergistic negative efects on gas
adsorption capacity. T erefore, the prediction model of shale gas
content considering the infuence of temperature, pressure and
moisture is:

€si = (sss,O + G(T - TO)) U exp (_6Sw) (16)

Equation 15and Equation 16 are used to globally ft all the excess
adsorption data of diferent temperatures and water saturation in
this study. Te results of rock physics modeling using the LM
algorithm are shown in Table 5 and Figure 8.

For the convenience of comparison, only the isothermal
adsorption curves of shale at diferent temperatures and water
saturations with corresponding experimental data are predicted.
It can be seen from Table5 and Figure 8 that the adsorption
data calculated based on the temperature- and moisture-dependent
model are very consistent with the experimental data, with %AAD
between 1.8% and 8%, indicating that the model has a good ftting
efect. T e coefcients in the temperature- and moisture-dependent
model shown in Table 5 may change due to the diferent geological
conditions and reservoir properties of diferent shale gas reservoirs.
Tis study aims to provide an idea for the establishment of a
multi-factor shale gas adsorption model. According to this idea,
the relationship between the adsorption capacity of shale in shale
gas reservoir and various infuencing factors is explored through
experimental measurement, and a multi-factor adsorption model
suitable for this reservoir is established, which can not only reduce
the workload of experimental measurement on the premise of
ensuring the calculation accuracy, but also provide guidance for the
evaluation of adsorption gas.

5 Limitations and prospects

In this study, we used the isothermal adsorption experiment to
explore the shale adsorption mechanism under the combined action
of temperature and water, and built the temperature- and moisture-
dependence model based on the SLD model, which realized the
direct calculation of the adsorption amount of shale gas under
diferent conditions. At present, the researches on the infuence of
diferent factors on the adsorption characteristics of shale mainly
consider only the single factor such as temperature or moisture,
and few consider the infuence of multiple factors. In the actual
shale reservoir, shale adsorption is afected by many factors, so it
is necessary to study the adsorption mechanism of shale under the
combined action of many factors. Te SLD model is widely used to
describe the adsorption behavior of gas in porous media, but the
SLD model is derived based on slit pores and constant pore width.
As shown in Figures 9, 10, the gas density distribution is not only
related to temperature and pressure, but also to pore size and pore
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FIGURE 10
Schematic diagram of gas adsorption in slit pores and cylindrical pores.

geometry. T erefore, the SLD model has errors in characterizing the
adsorption properties of shale with complex pore structure. T is is
one of the major limitations of our study. Secondly, this study focuses
on the infuence of multiple factors on the adsorption characteristics
of shale, and does not consider the adsorption of multi-component
gases. In fact, the gas in shale reservoir is multi-component gas,
including CO,, C;Hg and other components. T erefore, in the next
study, we will further integrate the pore geometry and pore size
distribution into the SLD model, and then use the modifed SLD
model to analyze the multi-component gas adsorption mechanism
in shale under the comprehensive infuence of temperature and
water saturation. In order to better understand the adsorption
mechanism of shale gas under reservoir conditions, it is necessary
to overcome these limitations and further strengthen the research.

6 Conclusion

In this paper, the infuence mechanism of temperature and
moisture on shale adsorption was studied, and a shale adsorption
model considering the infuence of pressure, temperature and
moisture was constructed. T e efectiveness and applicability of the
model were verifed by isothermal adsorption experimental data
and published experimental data of Longmaxi shales. Te main
conclusions are as follows:

(1) Under diferent specifc conditions, the SLD model can well
ft the adsorption data of shale gas, and the %AAD is less
than 10%. However, the SLD model does not consider the
relationship between excess adsorption and various external
factors, such as temperature and moisture, so it cannot directly
predict the adsorption gas content under diferent conditions.
Temperature and moisture individually have negative impacts
on shale adsorption characteristics and exhibit synergistic
negative efects. Excess adsorption decreases with increasing
temperature and water saturation, decreases linearly with
temperature, and exhibits adsorption inversion at high
pressure. Excess adsorption decreases exponentially with
increasing water saturation. When temperature and water
simultaneously infuence shale gas adsorption capacity, they
counteract each other, primarily afecting adsorption in the
same shale pores.

T e SLD model method can be used to predict the isothermal
adsorption curve of shale under diferent temperatures and

@
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water saturation. Te solid-solid interaction energy only
changes with temperature and water saturation. Once the
relationship between e, and both is determined, the isothermal
adsorption curve at another temperature and water saturation
can be calculated with the help of the SLD model.

Te temperature- and moisture-dependent model based on
the SLD model has high ftting accuracy to the isothermal
adsorption data and published experimental data of shale.
It can accurately predict the adsorption amount of shale
under diferent pressure, temperature and water saturation
conditions.
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