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ABSTRACT: Diversity lithofacies in lacustrine shale possess dif-
ferent pore structures with different shale gas adsorption mech-
anisms. It is of great significance for lacustrine shale gas reserve
prediction to clarify the adsorption mechanism of methane in
lacustrine shales. A series of experiments was carried out on core
samples from the Upper Triassic Xujiahe Formation in the western
Sichuan Basin of China. CO2 adsorption, N2 adsorption, and scanning
electron microscopy experiments were performed to analyze the pore
structures of lacustrine shale. The pore structure of siliceous shale is
more complex with higher values of pore fractal dimensions (D1 and
D2) than other lithofacies, while, based on fitting curves to methane
isothermal adsorption data, the method of the corrected Akaike’s
information criterion (AICc) measuring the goodness of the nonlinear
fitting curves, pore structure, and analysis of methane adsorption layers are combined to evaluate and select methane adsorption model in
this work. Additionally, the methane adsorption process could be described by a two combined first-order rate (TCFOR) model of
adsorption rate. As shown by TCFOR in most samples, the normalized adsorption capacities of the fast process higher than that of the
slow process (Q1 > Q2) appear during adsorption experiment. Thus, methane may not enter the micropores in large quantities under low
experimental pressure (<10 MPa). The adsorption mechanism of methane in most samples is monolayer adsorption (Langmuir + Henry
model) with the lower AICc value than other adsorption models. The DA + Henry model is suitable for the process of methane absorption
in which the Q2 > Q1 appeared early in the methane adsorption experiment. Occasionally, the phenomenon of Q2 > Q1 could be found in
the siliceous shale owing to the micropores dominating in it. Ultimately, the relationship between accumulated dV/dD (reflecting the
density of different pore sizes) from N2 adsorption experiment and the absolute adsorption amount (Vabs) calculated by models is figured
out to determine the adsorption model of methane under different pore sizes. Methane adsorption in pores smaller than 3.4 nm is mainly a
micropore filling mode, and filling of pores between 9.6 and 50 nm is mainly a monolayer mode. Nevertheless, the adsorption of methane
in the pores between 3.4 and 9.6 nm is a transition from monolayer adsorption to micropore filling. The results enhance our understanding
of the methane adsorption mechanisms in different lithofacies with different pore structures.

1. INTRODUCTION

The Upper Triassic Xujiahe Formation in the western Sichuan
Basin, with proven gas reserves in place exceeding 3000× 108 m3

(including conventional and unconventional reservoirs), is
considered to be the important lacustrine unconventional natural
gas exploration target in Southwest China.1−5 In order to increase
production from lacustrine shales, the factors influencing the
occurrences of adsorbed and free gas need to be clearly defined.6,7

Shale gas is composed of free gas and adsorbed gas.8−11 Among
them, the adsorbed gas content could range from 20 to 85% of the
total gas under reservoir conditions.8 Thus, adsorbed gas could be
a significant fraction of the total gas resource in shale gas reserves.
Traditionally, the adsorbed gas amount directly measured

from isothermal adsorption experiments is known as the
excess adsorption amount because the isothermal adsorption

experiment could only test the adsorption amount exceeding the
density of the gas phase.12−14 However, the methane in most gas
fields is in a supercritical state, where the density of the gas phase
gradually approaches that of the adsorbed phase as the pressure
increases. Consequently, the excess adsorption amount is not
the true concentration of adsorbed methane.14−17 As a result,
several methane adsorptionmodels based on Langmuir, Brunauer−
Emmett−Teller (BET), Dubinin−Radushkevich (DR), and
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Dubinin−Astakhov (DA) models have been used widely to
gain insights into the methane adsorption mechanism to obtain
the absolute adsorption amount of methane (i.e., the true
adsorption amount of methane).18−21 Among them, the DA
model is an improved version of the DR model.13,20 In order to
figure out which model is suitable for methane adsorption in
shale, the adsorption mechanism of methane should be clarified.
By the grand canonical Monte Carlo (GCMC) method, the
adsorption behavior of CH4 in both organic and illite pores
was simulated, and the molecular dynamics (MD) analysis was
performed on the molecular structure at a certain temperature
and pressure to document the adsorption mechanism.22,23 The
mineral composition, content of organic matter, thermal maturity
of organic matter, adsorption temperature, and adsorption
pressure were known as the parameters influencing the adsorption
mechanism ofmethane in shales.21,24−26 In addition, Rexer et al.19

demonstrated that due to increased adsorption potentials in
narrow pores, the DA-based model is more suitable for methane
adsorption inmicropores (pores with a diameter of < 2 nm), while
the Langmuir-based model fits the methane adsorption data for
mesopores (2−50 nm) in marine shale.
However, the MD analysis is more complicated and difficult

to operate in the study of methane adsorption due to the
complex model considered. In lacustrine shales, the lithofacies
vary more frequently than in marine shales and the most suitable
methane adsorption models need to incorporate this variability.
To evaluate which model is the most suitable for methane
adsorption in the western Sichuan Basin lacustrine shales,
the evaluation method of the corrected Akaike’s information
criterion (AICc) was used for model selection instead of using
the coefficient of determination (R2).14 For the AICc method,
both goodness-of-fit and precision are used to measure the
feasibility of statistical models. Meanwhile, the model with the
lowest value of AICc is considered as the best suitable model.27

Meanwhile, the AICc method is superior to using R2 values
from linear regression.14,27,28 In addition, the adsorption model
corresponding to different pore sizes in lacustrine shales will also
differ from that in marine shales due to the differences between
lacustrine and marine shales in other factors, particularly organic
matter types and mineral compositions.
For determining the adsorption mechanism of methane in

lacustrine shales, core samples are obtained from the Xujiahe
Formation, the western Sichuan Basin, China. The data of
X-ray diffraction (XRD) were used to identify the lithofacies in
the lacustrine shale. Subsequently, N2 adsorption and CO2
adsorption experiments were carried out to determine the
pore distributions in different lithofacies. The specific surface
area (SSA) and the pore fractal dimensions (D1 and D2) were
calculated from the adsorbed volume based on BET and
Frenkel−Halsey−Hill (FHH) models, respectively,29,30 and the
pore development in different lithofacies was observed under
the scanning electron microscope. Moreover, the methane iso-
thermal adsorption experiments were carried out on samples
of different lithofacies, and three types of methane adsorption
models were used to interpret measured excess isotherms.
Meanwhile, the AICc method was used for suitable methane
adsorption model selection of different lithofacies. In order to
explain why the model is suitable for the methane adsorption
mechanism, themethane adsorption rate and layers were used to
reveal the gas adsorption process and adsorbed behavior in the
samples. Finally, the relationship between the absolute adsorption
amount (Vabs) calculated by the suitable models and accumulated
dV/dD (the change in pore volume as a function of change in pore

diameter) from N2 adsorption experiment was used to determine
the most robust methane adsorption mode for a range of pore
sizes.

2. GEOLOGICAL SETTING
The Sichuan Basin with an area of over 1.8 × 105 km2 is one of
the most prolific gas-productive basins located in southwestern
China (Figure 1a).31,32 In the western Sichuan Basin, shale gas
is produced and well preserved mainly from the Mesozoic
sediment (Figure 1a),33 wherein the Upper Triassic Xujiahe
Formation with a large resource potential is regarded as a key
exploration target for lacustrine shale gas.34,35 In the study area,
the thickness of the Xujiahe Formation is about 700−1800 m,
mainly composed of nearshore shallow lake and delta front
deposits with shales, silty mudstone, argillaceous siltstone,
fine/coarse grained sandstone, and coal seams (Figure 1b). The
Xujiahe Formation consists of six members in an ascending
order (i.e., T3X

1, T3X
2, T3X

3, T3X
4, T3X

5, and T3X
6 members)

(Figure 1b), among which the T3X
3 and T3X

5 members are
mainly dark gray to black continental shales, with coal seams
(the coal seams are about 1.8−3.0 m) and a thin layer of gray
fine-grained sandstones and siltstones.36−38

The bulk of the lacustrine-sourced natural gas in the Upper
Triassic Xujiahe Formation is wet gas, with an average dryness
coefficient of 0.93 (ranging from 0.83 to 0.98), which is similar
to thermogenic gas generated from terrigenous, type III kerogen.39

Potential gas source rocks include theT3X
3 andT3X

5members.33,40

The samples used in this study are from well LD1, which is located
in the southwest of the Sichuan Basin (Figure 1a).

3. SAMPLES AND METHODS
Forty core samples were obtained from the T3X

3 and T3X
5 members in

the well LD1, depth from 1160 to 1465 m. These sediments were
mainly deposited in shallow lake environments. All samples were
analyzed by XRD for mineralogy. Based on the mineral constituents,
CO2 and N2 gas adsorption experiments were carried out on 25
samples, which is enough to present the pore structure of the different
lithologies in the study area. Meanwhile, the methane isothermal
adsorption curves were generated for the 25 samples, and the total
organic carbon (TOC) was measured for the samples. In addition, the
selected nine samples (three samples selected for each lithology as a
representative) were studied under a scanning electron microscope for
pore characteristics.

3.1. Total Organic Carbon. The TOC value of core samples was
determined using a LECO CS-230 carbon analyzer at the China
University of Petroleum (Beijing, China), and the experiment
procedure adheres to the Chinese National Standard GB/T19145-
2003. To remove the inorganic carbon, the core samples were crushed
and sieved with an 80-mesh sieve and then reacted with 10 vol % HCl
for 1 h. In this scenario, the measurement precision was estimated to be
0.45% of the measured TOC value.

3.2. X-ray Diffraction. The mineral contents were determined
using a Bruker D8 Discover X-ray diffractometer.41 The operational
parameters and data processing techniques were those contained in the
relevant oil-industry standard of China (SY/T 5163-2010). First, the
core samples were crushed and centrifugally separated. Subsequently,
the samples with a particle size smaller than 10 μm were used to
evaluate the mineral content.

3.3. Scanning Electron Microscopy. To observe the character-
istics of pores in lacustrine shale, SU8010 cold field emission scanning
electron microscopy (SEM) equipped with low and high secondary-
electron (SE) probes (1.0 nm/15 kV, 1.3 nm/1 kV) at China University
of Petroleum (Beijing) was used to image the samples. It is worth noting
that the core chips needed to be polished to 0.1 mm thickness using
helium ion beams and cut into pieces measuring 0.5 cm × 1 cm ×
0.2 mm before SEM imaging.
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3.4. Low-Pressure CO2 and N2 gas Adsorption. The pore size
distribution of lacustrine shale was measured by conducting nitrogen
and carbon dioxide adsorption experiments with a Quantachrome
Quadrasorb SI instrument at China University of Geoscience (Beijing,
China). The adsorption isotherm measurements were performed at 77
K for N2 and at 273 K for CO2. The relative pressure ranged from 0.01
to 0.995 for N2 and from 0.0001 to 0.032 for CO2. CO2 gas adsorption
mainly reflects the characteristics of micropores (<2 nm). N2 gas
adsorption mainly reflects the characteristics of mesopores (between
2 and 50 nm). The analysis of CO2 and N2 adsorption with respect
to pore size distribution must be run separately due to differences in
calculation methods. For N2 gas adsorption, the pore size distribution
was obtained from the sorption curves in the pore size range of 2−50 nm
using the Barrett−Joyner−Halenda method,42,43 whereas the pore size
distribution of micropores (<2 nm) obtained by CO2 adsorption was
interpreted using the density functional theory method.44,45 Based on
the BETmethod, the SSA was calculated from the sorption curve based
on the adsorbed volume in a relative pressure (P/P0) range of 0.05−
0.35.45,46 Additionally, fractal dimension values (D1 and D2) were
calculated in the relative pressure (P/P0) range of 0−0.5 and 0.5−1
using the FHH method.47−49

3.5. Methane Adsorption Experiments. The methane adsorp-
tion isotherms were obtained at 60 °C (average reservoir temperature
of samples) using a 3H-2000PH isothermal adsorption apparatus, with
99.99%methane as a carrier gas. The apparatus (the adsorption system)
consists of a sample cell and a reference cell connected through a two-
way valve. Prior to the test, shale samples need to be pretreated and the
process of the pretreatment was described in detail by Hu et al.50 Then,
the pretreated samples were placed into the sample cell, and the
adsorption system was pressurized with helium gas to 14 MPa.24,50

Subsequently, the adsorption system was evacuated, and the reference
cell was introduced with methane. After the pressure variation less than
6.9 × 10−4 MPa over 5 min, the two-way valve was opened and the

methane was expanded into the sample cell. By measuring the pressures
before and after expansion in the reference cell, the molar density of the
gas at different stages could be calculated using an appropriate equation
of state. Meanwhile, the amount of gas adsorbed under a single pressure
could be determined by the changes in pressures. Finally, the methane
isotherm could be obtained by repeating these steps until the measured
value at the highest required pressure is obtained.18,24,50−52

3.6. Multiple Models of Methane Adsorption. The Langmuir-
based model could be used to describe the monolayer adsorption
theory of methane on a solid surface.14,24,53 According to previous
research, both gas adsorption and absorption occur on polymers during
gas adsorption.54 Meanwhile, a hybrid model was proposed where the
adsorption is modeled by the Langmuir component and the absorption
is modeled by the Henry component.54 Compared to the hybrid model,
the adsorption models without the Henry component are prone to
overestimating the adsorption phase density. It is unreasonable for the
adsorption phase density is overestimated to be higher than the liquid
density of methane (0.421 g/cm3).14 Themodel (Langmuir +Henry) is
illustrated using the following equation14,55
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where Vexc denotes the excess adsorption volume in m3/t; the VL is the
Langmuir volume in cm3/g; ρgas is the gas densities in the free gas in g/
cm3; ρL is the gas density at which the adsorption volume is half the
Langmuir volume in g/cm3; ρads is the gas densities in the adsorbed
phases in g/cm3; and k is the coefficient of the absorption by the Henry
component, dimensionless. Among them, ρgas could be obtained from
the NIST (https://webbook.nist.gov/chemistry/fluid/) at the corre-
sponding pressure and temperature.

Figure 1. (a) Geological structure map of the Sichuan Basin (modified from Li et al.3) and (b) stratigraphic column of the Upper Triassic Xujiahe
Formation in the western Sichuan Basin, southwest China (modified from Yang et al.35).
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For molecular multilayer adsorption theory, the BET-based model is
used in interpretation of excess adsorption isotherms.14,46,55,56 The
following is the BET-based model (BET + Henry) (eq 2)
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where k1 = P0/VLC; k2 = (C − 2)/VLC; and k3 = (1 − C)/VLC·P0.
Among them, P0 is the saturation vapor pressure in MPa and C is the
BET constant, dimensionless.
Additionally, the DA-based model is used in interpretation of the

micropore filling theory.14,46,55,56 The following is the DA-based model
(DA + Henry) (eq 3)
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where Vm is the maximum adsorption volume of micropore filling in
cm3/g; D is the adsorption characteristic parameter, dimensionless;
and n is the coefficient related to the adsorption volume, dimen-
sionless.
Based on the excess adsorption amount, the absolute adsorption

amount could be calculated from15

=
−

ρ

ρ( )
V

V

1
abs

exc

gas

ads (4)

where Vabs is the absolute adsorption volume in m3/t.
In the abovementionedmodels, the unknown parameters are ρads,VL,

Vm, ρL, k, k1, k2, k3,D, and n. All of them could be obtained by fitting the
abovementioned models. The fitting parameters are obtained using
the data analysis software Origin 2018 (OriginLab, USA). Additionally,
the AICc could be used for model selection and is illustrated using the
following equation14
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where N is the number of observations (i.e., the number of measured
points for methane adsorption in this work); K is the number of fitted
parameters; and RSS is the residual sum of squares and is defined as
follows14

∑= −V VRSS ( )e m
2

(6)

where Ve and Vm are the experimental and modeling results of excess
adsorption amount, respectively.
3.7. Calculation of the Methane Adsorption Rate and Layer.

During each pressure step of the methane adsorption experiments, the
data of the methane adsorption rate could be estimated indirectly
by monitoring the pressure drop at the same temperature.14 The
evaluation procedure of the adsorption rate was described in detail by
Dang et al.,14 and the methane adsorption rate could be calculated as

=
−
−∞ ∞

M
M

P P
P P

t t0

0 (7)

whereMt is the total adsorption of methanemeasured at time t in g;M∞
is the total adsorption of methanemeasured at the infinite time in g (i.e.,
the adsorption no longer changes at this pressure); P0 and P∞ are the
first and final pressure reading of a pressure step in MPa; and Pt is the
gas pressure at time t. By plotting the fractional uptake Mt/M∞ versus
time t, the adsorption rate at each pressure step is obtained.
To interpret methane adsorption processes, a two combined

first-order rate model (TCFOR model) will be used to interpret
experimental adsorption rate data.14,57 The expression of the TCFOR
model is given as follows

= [ − ′ + − ″ ]Q t Q k t Q k t( ) exp( ) exp( )r 1 2 (8)

= − [ − ′ + − ″ ]
∞

M
M

Q k t Q k t1 exp( ) exp( )t
1 2 (9)

where Qr(t) is the normalized residual (unoccupied) adsorption
capacity, dimensionless; Q1 and Q2 are the normalized adsorption
capacities for the fast and slow process, respectively, asQ2 = 1−Q1; and
k′ and k″ are the two first-order rate constants in s−1 for the fast and slow
process, respectively.

In addition, methane adsorption in nanoscale pores has a certain
number of adsorption layers. The number of methane molecular
adsorption layers are calculated as follows13

λ
σ
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×
× ×

V B

S10,000
abs g

(10)
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where λ is the number of adsorbed molecular layers, dimensionless;
Bg is the formation gas compressibility coefficient, dimensionless; S is
the SSA, m2/g; σ is the averagemolecular size of adsorbedmethane, cm;
MCH4

is the methane molar mass, g/mol; and NA is the Avogadro
constant, which is 6.022 × 1023 mol−1.

4. RESULTS
4.1. Lithofacies Distribution of Xujiahe Formation

Shales fromWell LD1. The mineralogy and TOC contents of
all samples analyzed are listed in Table 1. The TOC of the
samples from the T3X

3 member (varying from 0.49 to 2.16%,
with an average value of 1.06%) is higher than that of the samples
from the T3X

5 member (varying from 0.26 to 1.30%, with an
average value of 0.75%) (Figure 2). The XRD data reveal a range
of mineral compositions of the samples, dominated by quartz
and clay minerals (Figure 2 and Table 1). The quartz content
ranges from 23.6 to 57.7% with an average of 38.6%, and the clay
mineral content varies between 27.1 and 69.2% with an average
of 48.2%. The feldspar and carbonate contents vary from 1.8 to
10% (average 5.4%) and 0 to 16.6% (average 7.8%), respectively.
Based on the mineral constituents, the lithofacies distribution of
lacustrine shales could be divided into three types (Figure 3),
namely, siliceous shale (S, where the content of quartz and
feldspar ≥50%), mixed shale (M, the content of quartz and
feldspar <50%, the content of carbonate <50%, and clay mineral
<50%), and argillaceous shale (AR, the content of clay mineral
≥50%).

4.2. Pore Structure of Xujiahe Formation Shales.Under
SEM, interlayer pores within clays and organic matter pores
(OM pores) mainly occur in argillaceous shale (Figure 4a,b).
Meanwhile, there are hydrocarbon shrinkage cracks around and
inside the OM (Figure 4c). For the siliceous shale, there are a
small amount of intergranular pores and OM pores occurring in
mineral particles and OM (Figure 4d−f). There are often some
intercrystalline cracks around mineral particles (Figure 4d,f).
In addition, the types of pores developed in the mixed shale are
similar to those of the argillaceous shale, except the fact that
there are fewer OM pores than argillaceous shale (Figure 4g−i).
In addition to different pore types, different lithologies have

different pore structures. To describe the pore size distribution,
the value of dV/dD is used to express the density of different
pore sizes (Figure 5) and the data of cumulative dV/dD from
N2 adsorption experiment are used to express the cumulative
density of different pore sizes in the samples (Figures 6 and 7).
As shown in Figures 6 and 7, the cumulative dV/dD shows a
significant increase (decrease) within a pore size of 10 nm and
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then flat out into a plateau region at a lager pore size. The pore
size of samples is mostly within 10 nm. The pore size distri-
bution of micropores is mainly characterized by CO2 adsorption.
For mesopores, the pore structure is characterized by N2
adsorption. Here, three samples (LD1-28, LD1-11, and LD1-
18) with a similar value of TOC were selected as representative
samples of different lithofacies. As shown in Figure 5, micropores
in the samples mainly range from 0.3 to 1.0 nm. Additionally,
somemesopores occur in the samplesmainly ranging from 3.0 to
6.0 nm. The data indicate that the argillaceous shale has more
micropores and mesopores than other lithofacies (Figure 5).
In terms of the pore fractal dimension, the values ofD1 andD2 of
mixed shale vary from 2.53 to 2.63 and 2.54 to 2.78, respectively.
For the argillaceous shale, the values ofD1 andD2 vary from 2.51
to 2.63 and 2.47 to 2.81, respectively. The pore structure of
siliceous shale is more complex with values ofD1 andD2 varying
from 2.54 to 2.65 and 2.66 to 2.82, respectively (Figure 8). The

values ofD1 andD2 in the siliceous shale are higher than those of
the argillaceous shale and mixed shale (Figures 8 and 9).

4.3. Isothermal Adsorption Curves and Modeling. The
excess adsorption isotherms of methane from different
lithofacies are determined by plotting the gas density against
the excess adsorption volume (Figure 10). Based on the theory
of Gibbs excess adsorption, the amount of adsorbed gas will
increase first and then decrease under higher pressure.12,19,25,58

However, increasing with the experiment pressure (the gas
density), the amount ofmethane adsorbed in the samples increases
under the low experiment pressure (<10 MPa) (Figure 10).
In this work, the Langmuir + Henry, BET + Henry, and DA +
Henry excess models were correlated with the excess isotherms
to evaluate the suitable methane adsorption model for these
lacustrine shales, and the modeling results of each model on
shale samples are shown in Figure 10, and the fitting parameters
of each model for samples from the well LD1 are shown in

Table 1. Mineral Constituents, TOC, and Lithofacies of Samples in Well LD1a

mineral composition content (%)

sample stratum depth (m) quartz feldspar carbonate clay mineral lithofacies TOC (%)

LD1-1 1167.4 57.7 1.8 0.0 40.5 S 
LD1-2 T3x

5 1174.4 40.3 1.9 5.7 52.1 AR 0.55
LD1-3 T3x

5 1183.4 33.2 2.9 11.4 52.5 AR 
LD1-4 T3x

5 1190.4 32.2 2.6 8.1 57.1 AR 0.66
LD1-5 T3x

5 1199.4 27.5 2.9 13.8 55.8 AR 0.72
LD1-6 T3x

5 1204.4 39.1 3.5 0.0 57.4 AR 0.48
LD1-7 T3x

5 1215.4 23.6 2.6 4.6 69.2 AR 1.30
LD1-8 T3x

5 1220.4 53.4 8.2 0.0 38.4 S 
LD1-9 T3x

5 1226.4 37.9 3.6 0.0 58.5 AR 0.19
LD1-10 T3x

5 1237.4 38.8 4.3 8.8 48.1 M 
LD1-11 T3x

5 1239.4 47.7 7.8 6.0 38.5 S 0.90
LD1-12 T3x

5 1243.4 49.4 7.0 7.3 36.3 S 0.26
LD1-13 T3x

5 1245.4 36.7 3.1 16.6 43.6 M 
LD1-14 T3x

5 1249.4 32.1 3.2 9.8 54.9 AR 1.06
LD1-15 T3x

5 1254.4 41.5 4.6 9.9 44.0 M 
LD1-16 T3x

5 1257.4 47.2 8.5 9.5 34.8 S 1.18
LD1-17 T3x

5 1279.3 26.8 4.2 9.4 59.6 AR 
LD1-18 T3x

5 1294.3 36.6 6.1 14.5 42.8 M 0.90
LD1-19 T3x

3 1341.5 44.5 6.0 4.8 44.7 S 
LD1-20 T3x

3 1344.5 41.2 10.0 3.6 45.2 S 0.92
LD1-21 T3x

3 1348.5 56.5 5.9 10.5 27.1 S 
LD1-22 T3x

3 1350.5 41.3 5.5 8.7 44.5 M 1.01
LD1-23 T3x

3 1353.0 39.0 5.5 0.0 55.5 AR 0.49
LD1-24 T3x

3 1357.0 37.3 5.7 0.0 57.0 AR 0.80
LD1-25 T3x

3 1359.0 33.9 6.6 0.0 59.5 AR 2.16
LD1-26 T3x

3 1360.0 36.6 8.7 10.6 44.1 M 0.77
LD1-27 T3x

3 1368.1 33.2 4.9 12.1 49.8 M 1.12
LD1-28 T3x

3 1378.1 35.3 4.4 7.4 52.9 AR 0.90
LD1-29 T3x

3 1383.1 46.0 8.0 12.5 33.5 S 
LD1-30 T3x

3 1392.1 29.1 6.6 13.1 51.2 AR 1.15
LD1-31 T3x

3 1393.1 38.3 6.1 12.3 43.3 M 
LD1-32 T3x

3 1400.1 40.7 6.8 11.6 40.9 M 0.77
LD1-33 T3x

3 1407.1 49.6 8.4 13.7 28.3 S 
LD1-34 T3x

3 1412.1 31.4 6.1 8.6 53.9 AR 1.12
LD1-35 T3x

3 1418.1 37.4 6.0 10.3 46.3 M 
LD1-36 T3x

3 1429.7 31.9 4.7 10.0 53.4 AR 1.12
LD1-37 T3x

3 1438.7 36.3 6.2 11.9 45.6 M 
LD1-38 T3x

3 1450.7 31.8 5.2 0.0 63.0 AR 1.40
LD1-39 T3x

3 1456.7 29.0 5.3 6.3 59.4 AR 
LD1-40 T3x

3 1462.7 40.6 5.7 7.9 45.8 M 1.09
a means not detected.
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Table 2. The adsorption contents from Langmuir + Henry
excessmodels range from 0.21 to 1.32 cm3/g and that fromDA+
Henry excess models range from 0.20 to 1.19 cm3/g. The change
in adsorption content from excess models is consistent with
the change in TOC, which follows the characteristics of OM
affecting adsorption capacity.
According to the isothermal adsorption, the AICc is used to

determine the best fitting model for methane adsorption in the
shale.14,27 The values of AICc of three models are shown in
Table 3. Except the sample LD1-12 and sample LD1-20, it could
be found that the values of AICc in the siliceous shales are in the
order Langmuir + Henry < DA +Henry < BET +Henry (Figure
11). However, the values of AICc are present in the order DA +
Henry < Langmuir + Henry < BET + Henry in the sample LD1-
12 and sample LD1-20 (Figure 11). For the argillaceous shales
and mixed shales, it could be found that the values of AICc are in
the order Langmuir + Henry < DA + Henry < BET + Henry
(Figure 11). Under the low experiment pressure (<10MPa), the
different orders of model fitting could occur in the siliceous
shales.
4.4. Methane Adsorption Process. In order to explain

why the model is suitable for the methane adsorption
mechanism, the methane adsorption rate was used to reveal

the gas absorption processes in the shale, and the TCFORmodel
could be used to model the methane adsorption rate data. Six
samples are selected as proxy for different lithofacies. It could be
observed from the figure that the methane adsorption process is
featured with two rate constants (Figure 12). To reach

Figure 2. Lithology, mineral constituents, and TOC in well LD1.

Figure 3. Classification scheme of shale lithofacies in Xujiahe
Formations in well LD1.
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Figure 4. Pore development characteristics in different lithofacies of Xujiahe lacustrine shales. (a,h,i) Interlayer pores appear in clays of argillaceous
shale and mixed shale, samples LD1-28, LD1-22, and LD1-35; (b,f,i) OM pores occur in argillaceous shale, siliceous shale, and mixed shale, samples
LD1-38, LD1-20, and LD1-35; (c,g,h) hydrocarbon shrinkage cracks around and inside the OM, samples LD1-43, LD1-18, and LD1-22; (d−f)
intergranular pores occur in mineral particles in siliceous shale, samples LD1-11, LD1-12, and LD1-20; and (d,f) intercrystalline cracks occur around
mineral particles, samples LD1-11 and LD1-20.

Figure 5. Pore size distribution of CO2 and N2 adsorption from different lithofacies in well LD1. (a,b) dV/dD vs pore diameter for argillaceous shale,
sample LD1-28; (c,d) dV/dD vs pore diameter for siliceous shale, sample LD1-11; and (e,f) dV/dD vs pore diameter for mixed shale, sample LD1-18.
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adsorption equilibrium, the time increases with an increase in
pressure steps. Meanwhile, the adsorption rate curves show a
significant increase at early time (fast process) and then flat out
into a plateau region (slow process) at higher pressure (Figure 12).
This phenomenon may be attributed to the varied role of the
different pore sizes in methane adsorption with increasing
pressure steps.44,59 Based on the data of the TCFOR model, the
value of Q1 decreases and Q2 increases with the increase in the
pressure (from 0.97 to 7.93 MPa) (Table 4). Here, the Q1 and
Q2 represent the large pores and small pores dominating the
adsorption process, respectively.14 When the pressure is low,
the gas molecules first enter the large pores in large quantities.

As the pressure increases, the gas molecules enter the small
pores. In terms of mesopores and micropores, methane will
enter the mesopores first and then the micropores.
For sample LD1-12 and sample LD1-20 from the siliceous

shale, the value of Q1 decreases fast ranging from 0.83 to 0.35
and 0.81 to 0.37, respectively. The gas molecules are prone to
entering the micropores during the methane isotherm adsorption
process. However, the value of Q1 of argillaceous shale decreases
slowly, ranging from 0.86 to 0.71 and 0.91 to 0.75, respectively.
For mixed shale, the rate of decrease ofQ1 is somewhere between
the siliceous shale and argillaceous shale (ranging from 0.89 to
0.73 and 0.85 to 0.52, respectively) (Table 4).

4.5. Volume and Layer of Absolute Adsorption Gas.
Based on formation pressure, temperature, and ρgas (Table 5),
the data for Bg were obtained by the NIST (https://webbook.
nist.gov/chemistry/fluid/). Then, the Vabs calculated by the
Langmuir + Henry model and DA + Henry model varies from
0.30 to 1.42 cm3/g and 0.32 to 1.39 cm3/g, respectively (Table 5).
The Vabs* was the Vabs under formation conditions. According to
eq 11, the adsorbed layers were calculated by the Langmuir +
Henry model ranging from 0.94 to 1.85, which is similar to the
result of calculation by the DA + Henry model ranging from 0.95
to 1.85 (Table 5). The number of adsorption layers calculated by

Figure 6. Data of cumulative dV/dD added up from small pores to large pores.

Figure 7. Data of cumulative dV/dD added up from large pores to small pores.

Figure 8. Fractal dimension of different lithofacies in well LD1.

Figure 9. Calculated results of fractal dimensions with ln(V) vs ln(ln(P0/P)) in different lithofacies.
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Table 2. Fitting Parameters of Different Models in Methane Excess Adsorption on Shales from Well LD1a

models sample VL/Vm (cm3/g) ρads (g/cm
3) ρL (g/cm

3) k k1 k2 k3 D n

Langmiur + Henry LD1-2 0.27 0.19 0.013 2.34 ― ― ― ― ―
LD1-4 0.28 0.13 0.008 4.18 ― ― ― ― ―
LD1-5 0.56 0.21 0.025 5.78 ― ― ― ― ―
LD1-6 0.26 0.21 0.007 1.30 ― ― ― ― ―
LD1-7 0.98 0.25 0.016 6.62 ― ― ― ― ―
LD1-9 0.21 0.26 0.013 1.48 ― ― ― ― ―
LD1-11 0.49 0.24 0.008 2.78 ― ― ― ― ―
LD1-12 0.25 0.26 0.017 1.82 ― ― ― ― ―
LD1-14 0.64 0.26 0.021 6.84 ― ― ― ― ―
LD1-16 0.54 0.25 0.017 4.50 ― ― ― ― ―
LD1-18 0.49 0.27 0.010 2.13 ― ― ― ― ―
LD1-20 0.48 0.27 0.015 1.79 ― ― ― ― ―
LD1-22 0.48 0.26 0.006 2.00 ― ― ― ― ―
LD1-23 0.39 0.24 0.014 2.74 ― ― ― ― ―
LD1-24 0.34 0.25 0.016 2.73 ― ― ― ― ―
LD1-25 1.32 0.25 0.010 2.08 ― ― ― ― ―

Figure 10. Characteristic of isothermal adsorption curves and modeling curves. (a,a′,a″) Langmuir + Henry, BET + Henry, and DA + Henry excess
models of argillaceous shales; (b,b′,b″) Langmuir + Henry, BET +Henry, and DA +Henry excess models of siliceous shales; and (c,c′,c″) Langmuir +
Henry, BET + Henry, and DA + Henry excess models of mixed shales.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.1c01345
Energy Fuels 2021, 35, 13654−13670

13662

https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01345?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01345?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01345?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01345?fig=fig10&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 2. continued

models sample VL/Vm (cm3/g) ρads (g/cm
3) ρL (g/cm

3) k k1 k2 k3 D n

LD1-26 0.39 0.26 0.014 1.95 ― ― ― ― ―
LD1-27 0.59 0.27 0.012 4.25 ― ― ― ― ―
LD1-28 0.57 0.27 0.018 5.02 ― ― ― ― ―
LD1-30 0.86 0.27 0.019 8.17 ― ― ― ― ―
LD1-32 0.47 0.26 0.010 2.47 ― ― ― ― ―
LD1-34 0.79 0.27 0.016 7.57 ― ― ― ― ―
LD1-36 0.86 0.28 0.015 6.84 ― ― ― ― ―
LD1-38 0.76 0.28 0.007 4.50 ― ― ― ― ―
LD1-40 0.63 0.28 0.016 4.50 ― ― ― ― ―

BET + Henry LD1-2 ― 0.14 ― 5.09 0.03 6.96 −0.19 ― ―
LD1-4 ― 0.11 ― 6.83 0.02 5.16 −0.01 ― ―
LD1-5 ― 0.16 ― 0.11 0.04 0.57 −0.02 ― ―
LD1-6 ― 0.17 ― 2.30 0.03 4.44 −0.04 ― ―
LD1-7 ― 0.21 ― 4.33 0.02 0.77 −0.09 ― ―
LD1-9 ― 0.22 ― 2.77 0.05 7.54 −0.04 ― ―
LD1-11 ― 0.22 ― 4.48 0.01 2.52 −0.04 ― ―
LD1-12 ― 0.17 ― 1.19 0.09 1.64 −0.16 ― ―
LD1-14 ― 0.23 ― 5.08 0.03 1.12 −0.13 ― ―
LD1-16 ― 0.21 ― 0.32 0.03 0.93 −0.02 ― ―
LD1-18 ― 0.24 ― 3.14 0.02 2.28 −0.09 ― ―
LD1-20 ― 0.22 ― 2.40 0.03 2.12 −0.14 ― ―
LD1-22 ― 0.23 ― 2.04 0.01 2.01 −0.11 ― ―
LD1-23 ― 0.21 ― 4.99 0.03 4.01 −0.06 ― ―
LD1-24 ― 0.21 ― 4.01 0.05 3.74 −0.09 ― ―
LD1-25 ― 0.23 ― 0.03 0.01 0.67 −0.08 ― ―
LD1-26 ― 0.24 ― 1.11 0.04 2.10 −0.03 ― ―
LD1-27 ― 0.25 ― 2.96 0.02 1.40 −0.15 ― ―
LD1-28 ― 0.24 ― 3.81 0.03 1.37 −0.15 ― ―
LD1-30 ― 0.19 ― 0.00 0.02 0.45 −0.01 ― ―
LD1-32 ― 0.21 ― 1.83 0.02 1.77 −0.04 ― ―
LD1-34 ― 0.24 ― 0.51 0.02 0.62 −0.02 ― ―
LD1-36 ― 0.26 ― 2.88 0.02 0.79 −0.03 ― ―
LD1-38 ― 0.24 ― 2.51 0.01 1.07 −0.07 ― ―
LD1-40 ― 0.24 ― 0.23 0.03 0.89 −0.12 ― ―

DA + Henry LD1-2 0.25 0.17 ― 2.94 ― ― ― 0.15 1.60
LD1-4 0.29 0.12 ― 4.19 ― ― ― 0.14 1.68
LD1-5 0.52 0.17 ― 6.49 ― ― ― 0.21 1.68
LD1-6 0.24 0.14 ― 2.53 ― ― ― 0.09 1.83
LD1-7 0.91 0.21 ― 6.93 ― ― ― 0.07 2.24
LD1-9 0.20 0.23 ― 1.91 ― ― ― 0.12 1.67
LD1-11 0.45 0.23 ― 3.41 ― ― ― 0.04 2.18
LD1-12 0.23 0.25 ― 1.32 ― ― ― 0.02 3.30
LD1-14 0.62 0.24 ― 5.78 ― ― ― 0.07 2.39
LD1-16 0.51 0.23 ― 3.73 ― ― ― 0.04 2.64
LD1-18 0.46 0.23 ― 2.69 ― ― ― 0.05 2.22
LD1-20 0.42 0.21 ― 2.58 ― ― ― 0.07 2.22
LD1-22 0.45 0.24 ― 2.16 ― ― ― 0.01 3.02
LD1-23 0.37 0.23 ― 3.25 ― ― ― 0.11 1.75
LD1-24 0.32 0.24 ― 2.86 ― ― ― 0.09 2.00
LD1-25 1.19 0.23 ― 2.41 ― ― ― 0.02 2.88
LD1-26 0.33 0.24 ― 2.26 ― ― ― 0.03 2.72
LD1-27 0.56 0.24 ― 4.16 ― ― ― 0.04 2.50
LD1-28 0.54 0.25 ― 4.76 ― ― ― 0.07 2.27
LD1-30 0.83 0.23 ― 6.88 ― ― ― 0.05 2.62
LD1-32 0.43 0.24 ― 2.43 ― ― ― 0.02 3.01
LD1-34 0.78 0.23 ― 6.88 ― ― ― 0.06 2.38
LD1-36 0.83 0.24 ― 6.38 ― ― ― 0.05 2.44
LD1-38 0.73 0.25 ― 4.16 ― ― ― 0.01 3.24
LD1-40 0.59 0.26 ― 3.71 ― ― ― 0.03 2.77

aVL/Vm means VL used in Langmiur + Henry and Vm used in DA + Henry.  means not applicable.
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Figure 11. ACIC of different methane adsorption models. Only in the sample LD1-12 and sample LD1-20, the values of AICc are present in the order
DA + Henry < Langmuir + Henry < BET + Henry.

Table 3. Evaluation of Different Methane Adsorption Models by the ACIC Method

models sample AICC RSS N K sample AICC RSS N K

Langmiur + Henry LD1-2 −66.10430 0.00014 8 4 LD1-23 −58.71129 0.00036 8 4

LD1-4 −65.02715 0.00016 8 4 LD1-24 −64.29454 0.00018 8 4

LD1-5 −49.42679 0.00115 8 4 LD1-25 −47.71195 0.00143 8 4

LD1-6 −74.52491 0.00005 8 4 LD1-26 −69.23853 0.00010 8 4

LD1-7 −52.02872 0.00083 8 4 LD1-27 −58.62336 0.00037 8 4

LD1-9 −68.80785 0.00010 8 4 LD1-28 −57.92214 0.00040 8 4

LD1-11 −58.65567 0.00036 8 4 LD1-30 −42.63797 0.00269 8 4

LD1-12 −56.04681 0.00050 8 4 LD1-32 −59.30008 0.00034 8 4

LD1-14 −48.49271 0.00130 8 4 LD1-34 −47.40839 0.00148 8 4

LD1-16 −53.70967 0.00067 8 4 LD1-36 −51.58204 0.00088 8 4

LD1-18 −66.10343 0.00014 8 4 LD1-38 −51.02975 0.00094 8 4

LD1-20 −76.13590 0.00004 8 4 LD1-40 −51.11872 0.00093 8 4

LD1-22 −75.45683 0.00004 8 4

BET + Henry LD1-2 −51.08774 0.00009 8 5 LD1-23 −43.97726 0.00022 8 5

LD1-4 −34.31155 0.00074 8 5 LD1-24 −40.40673 0.00035 8 5

LD1-5 −28.02422 0.00162 8 5 LD1-25 −1.496021 0.04471 8 5

LD1-6 −43.21510 0.00024 8 5 LD1-26 −38.37384 0.00045 8 5

LD1-7 −14.09032 0.00926 8 5 LD1-27 −25.50900 0.00222 8 5

LD1-9 −57.53121 0.00004 8 5 LD1-28 −28.12781 0.00160 8 5

LD1-11 −24.08542 0.00266 8 5 LD1-30 −10.67505 0.01419 8 5

LD1-12 −26.12878 0.00206 8 5 LD1-32 −28.42333 0.00154 8 5

LD1-14 −18.62147 0.00526 8 5 LD1-34 −19.98391 0.00443 8 5

LD1-16 −22.26096 0.00334 8 5 LD1-36 −25.15086 0.00232 8 5

LD1-18 −46.27229 0.00017 8 5 LD1-38 −31.41482 0.00106 8 5

LD1-20 −35.95796 0.00060 8 5 LD1-40 −19.86138 0.00450 8 5

LD1-22 −22.26588 0.00333 8 5

DA + Henry LD1-2 −55.94052 0.00005 8 5 LD1-23 −49.87669 0.00011 8 5

LD1-4 −48.07023 0.00013 8 5 LD1-24 −46.27170 0.00017 8 5

LD1-5 −32.10751 0.00097 8 5 LD1-25 −28.38208 0.00155 8 5

LD1-6 −54.63656 0.00006 8 5 LD1-26 −56.27488 0.00005 8 5

LD1-7 −29.17766 0.00140 8 5 LD1-27 −40.10087 0.00036 8 5

LD1-9 −60.99290 0.00003 8 5 LD1-28 −36.00548 0.00060 8 5

LD1-11 −35.53625 0.00063 8 5 LD1-30 −35.67662 0.00062 8 5

LD1-12 −62.55333 0.00002 8 5 LD1-32 −32.58480 0.00092 8 5

LD1-14 −31.70672 0.00102 8 5 LD1-34 −31.18589 0.00109 8 5

LD1-16 −27.59022 0.00171 8 5 LD1-36 −31.15017 0.00110 8 5

LD1-18 −49.67833 0.00011 8 5 LD1-38 −33.05251 0.00087 8 5

LD1-20 −79.58893 0.000003 8 5 LD1-40 −27.09292 0.00182 8 5

LD1-22 −27.44235 0.00175 8 5
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the two models is between one and two layers (Figure 13).
Additionally, whether the Vabs is calculated by the Langmuir +
Henry model or DA + Henry model, the plot of Vabs to SSA
shows a relatively positive correlation (Figure 14). Hence, the
pore structure, especially the SSA, will affect the volumes of
absolute adsorption.

5. DISCUSSION
5.1. Suitable Methane Adsorption Model for Lacus-

trine Shales in Well LD1. Based on the data of the AICc
(Table 3), the DA + Henry models for sample LD1-12 and
sample LD1-20 have the lowest AICc values. Hence, the DA +
Henry models are appropriate for modeling the mechanism of
methane absorption in these two samples. For other samples, the
mechanism of methane adsorption follows Langmuir + Henry
models with the lowest AICc values. According to the methane
adsorption rate curves (Figure 12), the phenomenon of Q2 >Q1
appeared earlier under the lower pressure (5.95 MPa) in the

samples (e.g., sample LD1-12 and sample LD1-20) which are
suitable for the DA + Henry model, and the methane molecules
are prone to entering in micropores, whereas the phenomenon
of Q1 > Q2 appears in other samples during the whole methane
adsorption which are suitable for Langmuir + Henry models
(Table 4).
Because the experimental adsorption pressure only reached

7.93MPa, which is lower than formation pressure, methane may
not enter the micropores in large quantities, resulting in the
phenomenon ofQ1 >Q2 appearing for the whole of the methane
adsorption. However, gas adsorption mainly occurs in micro-
pores because of a high surface area, especially at low pressure.
With a small amount of methane entering the micropores, there
may only be enough a layer of methane molecules in the
micropores. Thus, the samples with the phenomenon ofQ1 >Q2
are suitable for Langmuir + Henry models. As the pressure
increases, more methane will enter the micropore which may
show a mode of micropore filling. For sample LD1-12 and

Figure 12. Adsorption rate curves of eight pressure steps for the samples from the well LD1. (a,b)Mt/M∞ vs time for siliceous shale, sample LD1-12
and sample LD1-20; (c,d)Mt/M∞ vs time for mixed shale, sample LD1-22 and sample LD1-26; and (e,f)Mt/M∞ vs time for argillaceous shale, sample
LD1-28 and sample LD1-43.
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sample LD1-20, both of them are siliceous shales, the pores in it
are not well developed as in argillaceous shale and mixed shale
(Figures 4 and 5). However, the proportion of micropores in

siliceous shales is higher than that of micropores in argillaceous
shale and mixed shale, showing a high value of fractal dimension.
Due to the micropore structure complexed with a high value of

Table 4. Fitting Parameters of the TCFOR Model for the Methane Adsorption Process

sample Q1 Q2 k′ (s−1) k″ (s−1) sample Q1 Q2 k′ (s−1) k″ (s−1)
LD1-12 0.83 0.17 0.143 0.0306 LD1-26 0.85 0.15 0.263 0.0246

0.74 0.26 0.152 0.0287 0.83 0.17 0.211 0.0238
0.67 0.33 0.123 0.0273 0.78 0.22 0.165 0.0211
0.63 0.37 0.111 0.0241 0.74 0.26 0.149 0.0181
0.56 0.44 0.098 0.0198 0.69 0.31 0.136 0.0147
0.47 0.53 0.102 0.0174 0.64 0.36 0.124 0.0121
0.41 0.59 0.082 0.0176 0.58 0.42 0.105 0.0096
0.35 0.65 0.091 0.0172 0.52 0.48 0.098 0.0078

LD1-20 0.81 0.19 0.228 0.0375 LD1-28 0.86 0.14 0.147 0.0283
0.73 0.27 0.217 0.0346 0.84 0.16 0.124 0.0267
0.66 0.34 0.194 0.0221 0.83 0.17 0.116 0.0238
0.58 0.42 0.165 0.0227 0.81 0.19 0.107 0.0214
0.52 0.48 0.148 0.0198 0.77 0.23 0.105 0.0191
0.48 0.52 0.131 0.0176 0.76 0.24 0.098 0.0182
0.42 0.58 0.119 0.0146 0.74 0.26 0.101 0.0178
0.37 0.63 0.096 0.0148 0.71 0.29 0.092 0.0181

LD1-22 0.89 0.11 0.154 0.0232 LD1-43 0.91 0.09 0.218 0.0292
0.86 0.14 0.146 0.0217 0.88 0.12 0.127 0.0251
0.84 0.16 0.126 0.0204 0.86 0.14 0.139 0.0184
0.82 0.18 0.104 0.0205 0.85 0.15 0.124 0.0096
0.81 0.19 0.098 0.0186 0.82 0.18 0.114 0.0101
0.79 0.21 0.083 0.0175 0.81 0.19 0.096 0.0082
0.75 0.25 0.082 0.0168 0.78 0.22 0.091 0.0064
0.73 0.27 0.092 0.0161 0.75 0.25 0.082 0.0068

Table 5. Volume and Layer of Absolute Adsorption Gasa

Vabs (cm
3/g) Vabs* (cm

3/g) adsorbed layers

samples
depth
(m)

formation
pressure
(MPa)

formation
temperature

(°C) Bg

SSA
(m2/g)

ρgas
(g/cm3) σ (cm) L + H DA + H L + H DA + H L + H DA + H

LD1-2 1174.4 11.51 55.23 0.00876 6.96 0.0755 5.19 × 10−8 0.41 0.45 0.0036 0.0039 0.99 1.05
LD1-4 1190.4 11.67 55.71 0.00866 7.89 0.0765 5.89 × 10−8 0.57 0.60 0.0049 0.0052 1.06 1.09
LD1-5 1199.4 11.75 55.98 0.00860 11.64 0.0769 5.02 × 10−8 0.87 0.95 0.0075 0.0082 1.28 1.30
LD1-6 1204.4 11.80 56.13 0.00857 3.99 0.0772 5.02 × 10−8 0.34 0.43 0.0029 0.0037 1.45 1.61
LD1-7 1215.4 11.91 56.46 0.00850 13.79 0.0778 4.74 × 10−8 1.33 1.39 0.0113 0.0118 1.73 1.71
LD1-9 1226.4 12.02 56.79 0.00843 5.12 0.0785 4.68 × 10−8 0.30 0.32 0.0025 0.0027 1.06 1.08
LD1-11 1239.4 12.15 57.18 0.00836 8.16 0.0792 4.80 × 10−8 0.67 0.70 0.0056 0.0058 1.43 1.47
LD1-12 1243.4 12.19 57.30 0.00833 4.35 0.0795 4.68 × 10−8 0.35 0.33 0.0029 0.0027 1.43 1.33
LD1-14 1249.4 12.24 57.48 0.00830 10.86 0.0797 4.68 × 10−8 1.05 1.03 0.0087 0.0085 1.72 1.64
LD1-16 1257.4 12.32 57.72 0.00825 8.72 0.0802 4.74 × 10−8 0.81 0.79 0.0067 0.0065 1.62 1.54
LD1-18 1294.3 12.68 58.83 0.00805 9.81 0.0822 4.62 × 10−8 0.61 0.66 0.0049 0.0053 1.08 1.11
LD1-20 1344.5 13.18 60.34 0.00779 10.1 0.085 4.62 × 10−8 0.56 0.62 0.0044 0.0048 0.94 0.95
LD1-22 1350.5 13.23 60.52 0.00776 6.27 0.0853 4.68 × 10−8 0.62 0.63 0.0048 0.0049 1.64 1.62
LD1-23 1353.0 13.26 60.59 0.00775 6.24 0.0855 4.80 × 10−8 0.57 0.61 0.0044 0.0047 1.47 1.56
LD1-24 1357.0 13.30 60.71 0.00773 6.82 0.0857 4.74 × 10−8 0.52 0.54 0.0040 0.0042 1.24 1.28
LD1-25 1359.0 13.32 60.77 0.00772 12.13 0.0858 4.74 × 10−8 1.36 1.37 0.0105 0.0106 1.83 1.79
LD1-26 1360.0 13.33 60.80 0.00772 5.91 0.0858 4.68 × 10−8 0.50 0.51 0.0039 0.0039 1.40 1.39
LD1-27 1368.1 13.41 61.04 0.00768 12.17 0.0863 4.62 × 10−8 0.88 0.90 0.0068 0.0069 1.20 1.18
LD1-28 1378.1 13.51 61.34 0.00763 10.6 0.0868 4.62 × 10−8 0.91 0.91 0.0069 0.0069 1.42 1.38
LD1-30 1392.1 13.64 61.76 0.00757 13.81 0.0875 4.62 × 10−8 1.42 1.39 0.0107 0.0105 1.69 1.56
LD1-32 1400.1 13.72 62.00 0.00753 7.65 0.0879 4.68 × 10−8 0.64 0.63 0.0048 0.0047 1.35 1.29
LD1-34 1412.1 13.84 62.36 0.00748 12.12 0.0886 4.62 × 10−8 1.34 1.35 0.0100 0.0101 1.79 1.71
LD1-36 1429.7 14.01 62.89 0.00741 11.87 0.0895 4.56 × 10−8 1.35 1.36 0.0100 0.0101 1.85 1.77
LD1-38 1450.7 14.22 63.52 0.00732 11.41 0.0906 4.56 × 10−8 1.11 1.10 0.0081 0.0080 1.56 1.49
LD1-40 1462.7 14.33 63.88 0.00727 10.72 0.0912 4.56 × 10−8 0.95 0.91 0.0069 0.0066 1.41 1.32

aVabs* is the Vabs under formation conditions, Vabs* = Vabs × Bg. L + H is the Langmiur + Henry model, and DA + H is the DA + Henry model.
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fractal dimension (Figure 8), micropores have greater influence
on the pore structure in siliceous shale than other lithofacies.
Hence, during methane adsorption, the methane molecules in
siliceous shalesmay enter themicropores earlier in a large amount.
Furthermore, it may be shown as the mode of micropore filling
under the lower pressure (e.g., the phenomenon of methane
adsorption in sample LD1-12 and sample LD1-20).
Additionally, not all methane adsorption in siliceous shale fits

the DA +Henry model under low pressure. This may be because
the methane adsorption rate is not only affected by the pore
structure, whereas the methane adsorption mode is affected by
the pore structure. For example, the micropore filling mode is
suitable for gas filling in themicropores. The adsorptionmode of
methane in the mesopores is mainly followed by monolayer
adsorption.
5.2. Adsorption Mechanism of Methane under Differ-

ent Pore Sizes.Methane is commonly adsorbed in shale pores
in two different processes: micropore filling or monolayer
adsorption.12,14 Accordingly, the methane molecules adsorbed
in the samples from the well LD1 also show the characteristics of
micropore filling or monolayer adsorption, and the number
of adsorption layers is less than 2 but not strictly 1 (Figure 13).
Due to the existence of the micropore filling, the number
of adsorption layers is not strictly 1. Previous studies of super-
critical gas sorption in marine shales have shown that gas is
adsorbed inmicropores (pores with a diameter of < 2 nm) due to
increased adsorption potentials in narrow pores.19 In mesopores
(2−50 nm), methane is mainly adsorbed in the pores in the form
of monolayer adsorption.19,60 However, in lacustrine shales, the
pore size range corresponding to the methane adsorption mode
will be different from that of themarine shales. Because of the SSA
affecting the volume of absolute adsorption gas (Figure 14), the
density of different pore sizes will affect the amount of adsorbed
gas.

In this work, the data of cumulative dV/dD from the N2
adsorption experiment are used to express the cumulative
density of different pore sizes in the samples (Figures 6 and 7).
Then, the data of cumulative dV/dD and the Vabs (calculated by
Langmuir + Henry or DA + Henry models) were linear regres-
sion fitted to determine the adsorption mode for methane in a
range of pore sizes. During the process of the linear regression
fitting, the cumulative dV/dD values started to add up from
small pores to large pores for the DA + Henry model (Figure 6),
while for the Langmuir + Henry model, the cumulative dV/dD
values added up from large pores to small pores (Figure 7).
Based on the result of the linear regression fitting, the pore
diameter with the highest value of R2 determined by the micro-
pore filling mode (DA + Henry model) is 3.4 nm (Figure 15a).
For the monolayer adsorption mode (Langmuir + Henry model),
the pore diameter with the highest value of R2 is determined to be
9.6 nm (Figure 15b). Therefore, the micropore filling mode is
mainly suitable for the methane adsorption in pores smaller than
3.4 nm, and the monolayer adsorption model is more in line with
pores between 9.6 and 50.0 nm (Figure 16). In addition, the
intermediate region between 3.4 and 9.6 nm is the transition zone
where the monolayer adsorption changes to micropore filling as
the pore diameter decreases (Figure 16).

6. CONCLUSIONS
The Xujiahe lacustrine shales are composed of three types of
lithofacies: siliceous shales, argillaceous shales, andmixed shales.
The proportion of micropores in siliceous shales is higher than
that of micropores in argillaceous shale and mixed shale. Under
low experimental pressure (<10MPa), the processes of methane
adsorption in some siliceous shale are prone to the corre-
sponding DA + Henry model, Whereas not all methane
adsorption in siliceous shale fits the DA + Henry model under
low experimental pressure. Based on the analysis of the methane
adsorption rate, the phenomenon of Q2 > Q1 appeared early in
these siliceous shales and the phenomenon of Q1 > Q2 appeared
in other samples which are suitable for the Langmuir + Henry
model. Moreover, the methane molecules adsorbed in the
samples from the well LD1 also show the characteristics of
micropore filling or monolayer adsorption, and the number of
adsorption layers is between one and two layers.
The overall adsorption of methane in shale shows monolayer

adsorption (Langmuir +Henrymodel) ormicropore filling (DA+
Henry model). Besides, the methane adsorption mode in different
pores is also different. For marine shales, the DA + Henry models
are suitable for gas filling in the micropores. The mechanism of gas
adsorption in the mesopores mainly follows Langmuir + Henry
models. However, it is different frommarine shales that micropore
filling also occurs in some of the mesopores in lacustrine shales in

Figure 13.Methane adsorption layer in the samples from the well LD1.

Figure 14. Factors influencing the absolute volumes of adsorbed gas: (a) relationship between SSA andVabs calculated by the Langmuir +Henrymodel
and (b) relationship between SSA and Vabs calculated by the DA + Henry model.
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study area. Methane adsorption in pores smaller than 3.4 nm is
mainly a micropore filling mode, and methane adsorption in pores
between 9.6 and 50 nm is mainly a monolayer mode. The
intermediate region between 3.4 and 9.6 nm is the transition zone
where the monolayer adsorption changes to micropore filling as
the pore diameter decreases. In this work, the methane adsorption
mechanisms of different lithofacies with different pore structures
are clarified from the Upper Triassic lacustrine shales in the
western Sichuan Basin, China.
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