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Abstract: The effect of clay minerals on the methane adsorption capacity of shales is a basic issue
that needs to be clarified and is of great significance for understanding the adsorption characteristics
and mechanisms of shale gas. In this study, a variety of experimental methods, including XRD,
LTNA, HPMA experiments, were conducted on 82 marine shale samples from the Wufeng–Longmaxi
Formation of 10 evaluation wells in the southern Sichuan Basin of China. The controlling factors
of adsorption capacities were determined through a correlation analysis with pore characteristics
and mineral composition. In terms of mineral composition, organic matter (OM) is the most key
methane adsorbent in marine shale, and clay minerals have little effect on methane adsorption. The
ultra-low adsorption capacity of illite and chlorite and the hydrophilicity and water absorption ability
of clay minerals are the main reasons for their limited effect on gas adsorption in marine shales.
From the perspective of the pore structure, the micropore and mesopore specific surface areas (SSAs)
control the methane adsorption capacity of marine shales, which are mainly provided by OM. Clay
minerals have no relationship with SSAs, regardless of mesopores or micropores. In the competitive
adsorption process of OM and clay minerals, OM has an absolute advantage. Clay minerals become
carriers for water absorption, due to their interlayer polarity and water wettability. Based on the
analysis of a large number of experimental datasets, this study clarified the key problem of whether
clay minerals in marine shales control methane adsorption.

Keywords: shale gas; clay mineral; adsorption process; organic matter; marine shale; controlling effect

1. Introduction

In recent years, China’s marine shale gas development has achieved great success [1–3].
The total shale gas production of China in 2020 has reached 200 × 108 m3, with proved
geological reserves of more than 20,000 × 108 m3 [4]. The shale of the Lower Silurian Long-
maxi Formation in the Sichuan Basin is an important target of shale gas development [5–7].
Gas content is a key indicator for the evaluation of shale gas reservoirs and the calculation
of its reserves [8–10]. Because shale gas is composed of free gas and adsorbed gas, the
determination of the adsorbed-gas content has become a key task in shale gas reservoir
evaluation [11–15].

Since methane is the main component of shale gas, the adsorbed-gas capacity in shales
is always determined through methane adsorption experiments [16–18]. The obtained
isotherms are always fitted by adsorption models to predict the adsorbed-gas volume
of shales under formation temperature and pressure [19–21]. In order to evaluate the
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gas bearing capacity of different types of shale reservoirs, many scholars have studied
the adsorption capacity of shale and its controlling factors [22–26]. Recently, Zhang [27]
studied the influence of the organic matter (OM) content and its maturity on the adsorption
capacity of shale and found that OM is the main controlling factor on gas adsorption in
shales, and OM maturity mainly affects the methane adsorption capacity of organic-rich
shales at low pressure. Ross [28] pointed out that the shale adsorption capacity is linearly
correlated with the TOC, and high vitrinite content accounts for a strong gas adsorption.
In addition, Zhu [26] stated that clay minerals and OM provide the most adsorption sites
for adsorption, due to their large specific surface area (SSA). Liu [25] indicated that clay
minerals and OM are two main controlling factors of natural gas adsorption in shales. The
composition and microporous structure of clay minerals also affect the gas adsorption,
owing to their large SSAs, which provide abundant sites for gas adsorption [29]. Lu [30]
claimed that the presence of illite is responsible for gas adsorption and storage, especially
for samples with low OM content. In addition, Ross [28] studied the effects of illite and
montmorillonite on the adsorption capacity of shales. He concluded that gas adsorption
depends on the type of clay mineral and the microporous structure of clay platelets. Overall,
many studies have shown that both the TOC and clay mineral content have a significant
impact on the methane adsorption capacity of shales.

However, some studies have indicated that clays have a limited effect on the gas
adsorption capacity of shales [31–34]. Sun [32] reported that clay content shows no obvious
relationship with the adsorption volume of shale samples with TOC ranging from 1.97% to
3.49%. Luo [34] studied the effects of pore structure and water wettability on the adsorption
amount of shales and concluded that the adsorption capacity of OM for methane is much
stronger than that of clay. They speculated that hydrophobic OM pores and hydrophilic
clay pores lead to a more preferential adsorption of methane on OM than clays. Ji [35]
systematically studied the methane adsorption characteristics of clay-dominated rocks
and stated that methane molecules occupy the surface position of OM preferentially
because methane has a much stronger affinity for organic-rich shale than most common
clay minerals. Moreover, Ortiz Cancino [36] observed no correlation between the TOC-
normalized adsorption amount and clay mineral content in the case of their shale samples,
showing that clay minerals do not contribute significantly to methane adsorption. This
phenomenon was also observed by Gasparik and Shabani [17,37].

Therefore, we need to analyze an important question: does the clay mineral content
affect the adsorption capacity of shales? Clay minerals are an important part of shales,
and their proportion can reach up to 60% in marine Longmaxi Formation shales [21]. The
studies on pure clays, such as montmorillonite and illite, have proven that they have
large surface areas and strong adsorption capacity for methane [35,38,39]. However, after
diagenesis and thermal evolution, the clay mineral compositions of shales from different
lithofacies become quite different [40]. With regard to marine shales in China, the question
of whether the clay minerals control the methane adsorption capacity is still controversial.

In the present study, we aim to reassess and clarify the effect of clay minerals on
the adsorption capacity of marine shales in Southern China. The correlation analysis is
based on the large adsorption dataset and mineral composition dataset of shale samples,
which are quite different from those of the previous analysis based on a small number of
experimental data.

2. Samples and Experiments
2.1. Samples

We have collected 82 fresh samples from the upper Ordovician Wufeng Lower Silurian
Longmaxi Formation in the southern Sichuan Basin. This shale formation is famous for
its large reserves and commercial development of shale gas in southern China [40,41].
The shale samples were selected from 10 wells in the Zhaotong shale gas demonstration
zone shown in Figure 1, covering different sublayers of the Longmaxi Formation, their
depth ranging from 1014.50 m to 3039.78 m [7]. The lower part of the Longmaxi Formation
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is dominated by black siliceous shale and carbonaceous shale, which is a high-quality
shale gas reservoir with a thickness of more than 40 m [41]. The middle and upper parts
of the Longmaxi Formation comprise mainly gray silty shale with a total thickness of
more than 100 m [41]. All these Longmaxi shales are overmatured, with Ro ranging from
2.45% to 2.86%. Moreover, the kerogen type of the Longmaxi Formation shale is always
classified as Type I–II1. Detailed basic information about these samples, including the
depth distribution, TOC content and mineral content, is shown in Table 1.

Figure 1. Location of the study area and stratigraphic column of Longmaxi Formation. (a) Location of Sichuan Basin in China;
(b) Zhaotong shale gas demonstration (green dotted line) and the 10 studied well locations (red circles); (c) stratigraphic
and sublayers division of the Wufeng–Longmaxi Formation shale proposed by PetroChina company.

Table 1. The basic information and petrophysical properties of the marine shale samples.

No. Well Number of
Samples Depth (m) TOC (%) Quartz Content (%) Clay Content (%)

1 Y105 10 1654.40–1691.99 1.90–4.90 (3.03) 28.1–38.0 (33.7) 23.6–34.8 (29.0)
2 Y103 10 1027.00–1086.96 1.00–5.60 (2.66) 24.6–41.6 (34.7) 23.7–38.3 (31.4)
3 Y201 8 2734.55–2776.33 0.61–2.46 (1.87) 7.0–34.4 (23.4) 7.8–30.3 (20.7)
4 Y128 10 2235.66–2267.03 0.76–5.32 (2.47) 18.0–37.0 26.8) 15.0–61.0 (32.9)
5 Y115H3 10 2989.42–3039.78 0.85–4.77 (2.68) 18.3–55.5 (36.4) 19.0–45.5 (30.9)
6 Y112H12 10 2125.71–2186.67 0.50–3.48 (1.67) 7.1–48.0 (33.7) 15.6–58.9 (33.6)
7 Y151 9 1704.16–1761.95 0.56–6.22 (2.63) 27.0–54.8 (37.1) 21.8–40.4 (29.1)
8 Y107 5 1233.43–1255.51 1.56–3.54 (2.89) 12.6–50.6 (36.2) 16.0–64.3 (32.1)
9 Y137 5 1014.50–1035.66 2.67–6.72 (3.94) 28.2–40.1 (34.2) 17.6–32.9 (25.6)

10 Y138 5 1937.57–1987.98 0.46–7.40 (2.80) 24.3–36.0 (29.2) 15.7–38.3 (27.8)

2.2. Mineral Analysis

All the samples were cut into several parts, dried and crushed for various analyses.
The mineral components of the shale samples were analyzed, using a Rigaku RINT-TTR III
X-ray diffractometer (XRD) [42]. The content of the mineral can be determined by testing
the intensity of the characteristic peak, as its intensity is positively related to its content in
the sample. All the samples were crushed and sieved into 20–40 meshes and fewer than
200 mesh particles for the non-clay mineral and clay mineral analyses, respectively. The
accelerating voltage was 40 kV, and the current was about 30 mA. Moreover, the scanning
speed was 2◦/min with 0.02◦ increments. Then, the content of non-clay minerals was
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determined by the K-value method, and the relative content of the clay minerals was
determined through the subtraction method of the diffraction peak area of the N/E/T glass
slides, as shown in Figure 2.

Figure 2. Clay mineral analysis of the shale samples based on XRD spectra analysis of N/E/T glass slides. Slide N is the
natural sample without any treatment of the extracted clays, slide E is the sample after saturating slide N with ethylene
glycol, and slide T is the sample after heating slide E under 450 ◦C.

2.3. TOC Experiments

OM is an important adsorbent in shales. To compare the adsorption capacity of clay
minerals and OM, a TOC test needs to be performed. The LECO CS200 carbon sulfur
analyzer was used to determine the TOC content, and the accuracy was within 0.3% [43].
In order to effectively remove inorganic carbon from all carbonate minerals, shale samples
were crushed with a pulverizer, and then 200 mesh powder particles were selected and
soaked in hydrochloric acid with a concentration of 5% for two days to remove inorganic
carbon. The remaining powder particles were then placed in a drying oven at 65 ◦C for two
days to remove moisture. After weighing an appropriate amount of the powder sample, the
concentration of CO2 and CO was obtained by the combustion method in the carbon–sulfur
analyzer, and then calibrated to the organic carbon content.

2.4. Low-Temperature N2 Adsorption Experiments

The SSA is also one of the important parameters to characterize the methane ad-
sorption capacity of shale. Generally, the isothermal adsorption curve of shale is ob-
tained by the low-temperature N2 adsorption (LTNA) experiment. Brunauer–Emmett–
Teller (BET), Barrett–Joyner–Halenda (BJH), and t-plot models were applied to the LTNA
isotherms to obtain the pore volume (PV) and SSA of mesopores (2–200 nm) and microp-
ores (0–2 nm) [43–46]. The experiment was carried out in an ASAP 2420 specific surface
instrument at 77 K. Shale samples need to be pretreated to improve the experimental
accuracy, such as drying at 110 ◦C and degassing in high vacuum (< 10 mmHg) at 110 ◦C
for 12 h to remove moisture and volatiles.

2.5. Methane Adsorption Experiments

The high-pressure methane adsorption (HPMA) experiments were conducted by the
gravimetrical method, the core component of which is a magnetic suspension balance
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(MSB) with an accuracy of 10 µg. The maximum test temperature and pressure is 150 ◦C
and 35 MPa, respectively [43]. The samples were first crushed into 40–80 mesh particles
and then dried at 105 ◦C for 24 h. Before the test, the sample was degassed in a vacuum at
150 ◦C for 4 h to remove any moisture and impurities. After the blank test and buoyancy
test, the methane adsorption test was conducted on the shale samples at 60 ◦C, and the
maximum test pressure was set as 30 MPa. The excess adsorption capacity (mex) and the
density of methane gas (ρg) can be directly measured at each equilibrium pressure point
when considering the adsorbed-phase volume. If either the adsorbed methane density (ρa)
or volume (Va) is known, then the excess adsorption capacity (mex) can be transformed into
the absolute adsorption capacity (mabs) by the following equation [43]:

mabs = mex/
(
1 − ρg/ρa

)
(1)

3. Results
3.1. TOC and Clay Mineral Composition

The TOC of all the samples ranges from 0.46% to 7.40%, and the average value
reaches 2.58%. The TOC values of all the 10 wells show the same changing law. As the
depth increases, the TOC increases, reaching the maximum at the bottom of the Longmaxi
Formation and then slightly decreasing at the Wufeng Formation. The TOC is one of the
most important parameters to evaluate shale gas reservoirs, which are closely related to
the development of nanopores and gas adsorption capacity of shales. The bottom of the
Longmaxi Formation has the highest TOC, so this sublayer is selected for the shale gas
development in China [41].

The shale samples are mainly composed of quartz and clay minerals, accounting for
more than 60% of the minerals in the 10 wells, on average. Among them, the content
of quartz is 7.0–55.5%, with an average of 32.6%, while the content of clay minerals
is 7.8–64.3%, with an average of 29.4%. The type and content of the clay minerals are
determined after treatment of the sample glass slides. The XRD spectra indicate that the
clay minerals in the shale samples only consist of illite, chlorite, and illite–smectite (I–S)
mixed layers, and their average contents are 13.5%, 5.3%, and 10.6%, respectively. All
the 10 wells show that the mineral content varies greatly with the increase in depth in
Figure 3. The quartz content at the bottom of Longmaxi Formation is the highest, and the
clay mineral content is the lowest. Therefore, in this sublayer, the shale has high brittleness
and fracturability. This is also an important reason for selecting this layer for fracturing [7].

3.2. SSA and PV Characteristics

The LTNA curves of the representative shale samples are shown in Figure 4, which
belong to Type II adsorption isotherms [47,48]. The hysteresis loop between the adsorption
and desorption isotherms is similar to a Type H3, which reflects the open parallel-plate
pores with good connectivity, and this type of pore structure is favorable for gas migra-
tion [49]. The calculated mesopore SSAs by the BET model of all the samples range from
5.40 m2/g to 40.62 m2/g, with an average value of 20.53 m2/g. The micropore SSAs
calculated by the t-plot model of all the samples range from 1.06 m2/g to 16.24 m2/g,
with an average value of 6.19 m2/g. According to the statistical results shown in Figure 5,
the mesopore SSA is mainly distributed in 20–25 m2/g, and the micropore SSA is mainly
distributed in 2–8 m2/g. The distribution of mesopore SSAs is more consistent with a
normal distribution, indicating that the SSA distribution of a large number of samples is
around the average value.

The BJH and t-plot equations were used to calculate the mesopore and micropore
volumes, respectively. The average mesopore volume is 0.029 cm3/g (0.014–0.042 cm3/g),
whereas the average micropore volume is 0.0031 cm3/g (0.00048–0.0078 cm3/g). The
statistical results (Figure 5) also show that the mesopore PV is mainly distributed in
0.025–0.035 cm3/g, and the micropore PV is mainly distributed in 0.001–0.004 cm3/g. The
distributions of micropore SSA and PV are not in accordance with the normal distribution,
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indicating the complexity and heterogeneity of the micropores. Moreover, the SSA and
PV of the mesopores are much larger than those of the micropores. The mesopore SSA
accounts for 77.8% of the total SSA, whereas the mesopore PV accounts for 91.1% of the total
PV, indicating that mesopores are dominantly developed in the Wufeng–Longmaxi shale
samples. Thus, the well development of mesopores is favorable for shale gas exploration.
With the increase in pore size, the proportion of adsorbed gas decreases and the proportion
of free gas increases, leading to the increased initial production of shale gas well [50–52].

Figure 3. Variation of the TOC and clay content with the depth of the 10 wells. A total of 82 data points is shown in
this figure.

3.3. Methane Adsorption Capacity

The excess adsorption isotherms measured for representative samples are shown in
Figure 6a,c, in which the excess adsorption amount increases with the increase in pressure
until it reaches the maximum at about 10 MPa, and then decreases with the increase in
pressure. The observed isotherms of all the samples showed the same change rule, which
is caused by considering the existence of the adsorbed phase [43]. The excess adsorption
isotherm cannot represent the actual adsorption capacity of the adsorbents. Therefore, we
should convert the observed adsorption amount into the absolute adsorption amount, using
Equation (1) by determining the adsorbed-phase density (ρa). Many adsorption models
can be used to determine ρa, such as the Langmuir, Dubinin–Radushkevich, and Dubinin–
Astakhov models. The Langmuir method is not only simple and widely applicable, but
also can well characterize the methane adsorption characteristics of the Wufeng–Longmaxi
Formation marine shale dominated by mesopores [19,20,49]. Therefore, in the present study,
we used the Langmuir-based excess adsorption model to fit the experimental isotherms
and then transform them to absolute adsorption isotherms (Figure 6b,d). The fitted results
show that the Langmuir volume (VL) ranges from 0.43 m3/t to 5.66 m3/t, with an average
value of 3.07 m3/t. The Langmuir pressure (PL) is 1.67–8.19 MPa, and its average value
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is 3.68 MPa. The ρa ranges from 0.279 g/cm3 to 0.434 g/cm3, which is closely related to
the decreasing speed of the descending section of the curves (P > 10 MPa) [20]. The faster
the decreasing rate, the smaller the adsorbed-phase density. From the adsorption theories,
VL reflects the limit value of the amount of methane adsorbed in shales, which is used to
represent the adsorption capacity of shales for the following correlation analysis.

Figure 4. Low-temperature N2 adsorption (LTNA) experimental results of the samples from four representative wells,
including adsorption and desorption curves ((a): Well Y105, (b): Well Y103, (c): Well Y128, (d): Well Y115H3).

Figure 5. Distribution characteristics of mesopore SSA (a), mesopore PV (b), micropore SSA (c) and micropore PV (d) of all
shale samples.
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Figure 6. Excess and absolute adsorption isotherms of two representative wells ((a,b): Well Y201; (c,d): Well Y128).

4. Discussion
4.1. Effect of TOC on Adsorption Capacity

The relationship between TOC values and VL is presented in Figure 7a, showing an
evident positive correlation between the two key parameters, which is consistent with
previous studies based on limited data [24,27,53]. The findings indicated that a positive
correlation still exists, even when the data become larger. Shale is a source rock, and OM is
an important part of it. The TOC is the most critical parameter for the shale gas reservoir
evaluation. The abundance, type, and thermal maturity of OM are key factors affecting
shale gas generation and enrichment [27]. The TOC not only affects the absorbed gas
content of shales, but also affects the free gas content because a large number of pores are
developed in OM in marine shales, which are well preserved during the process of gas
generation, becoming the main storage space of shale gas [40].

Figure 7. Relationships among the adsorption capacity (VL) (a), Langmuir pressure (PL) (b), and TOC of all the
shale samples.
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In addition, a negative correlation exists between the TOC values and Langmuir
pressure (PL), as shown in Figure 7b. This finding indicates that the larger the TOC, the
lower the PL, the faster the gas adsorption rate, and the easier it is to reach saturation. By
contrast, in the process of depressurization and desorption, the higher the PL, the easier
it is to desorb the gas. Therefore, the parameter PL can be used to determine the critical
desorption pressure and evaluate the production mechanism of shale gas wells. Moreover,
the relationship between the TOC and adsorption parameters based on the large data
shown in Figure 7 can be used for logging the curve calibration and reservoir evaluation.

4.2. Effect of Pore Characteristics on Adsorption Capacity

Figure 8 shows the relationship between the pore structure parameters and adsorption
capacity, indicating a positive correlation in both of the mesopores and micropores. The
mesopore SSA obtained by the BET equation has the best correlation with the adsorption ca-
pacity obtained by the Langmuir equation. The micropore SSA also controls the adsorption
capacity, as shown in Figure 8c. Compared with the mesopores, the micropore wall has a
stronger adsorption affinity for gas molecules, due to its molecule-scale size [43]. However,
the micropores are less developed in marine Longmaxi shales, leading to the mesopores
(2–200 nm) providing most of the adsorption sites methane adsorption and becoming the
main storage space for the adsorbed gas. Moreover, the correlation of SSA and adsorption
capacity is slightly better than the PV and adsorption capacity because the adsorption
capacity of a porous media is mainly controlled by its SSA [42,54,55]. When the SSA of any
adsorbate is high, its adsorption capacity is much stronger. The differences in the SSAs of
coals and shales also proved this point. Zhou [49] compared the nanopore structure of coal
and shales and found that the total SSA is linearly correlated with the adsorption capac-
ity. Suárez-Ruiz [56] studied the influence of pore size on methane adsorption capacity
and indicated that methane is mainly adsorbed in the narrow microporosity of the solid
bitumen. Li [57] proposed a multi-site adsorption model and stressed that the percentage
of adsorbed gas in 1 nm pores may be as high as 90%. In general, the pores in shales are
places where gas molecules are adsorbed, and the pore development characteristics and
distributions are the key factors affecting the occurrence mode of natural gas.

4.3. Effect of Mineral Composition on Adsorption Capacity

The organic-rich marine shales are mainly composed of brittle and clay minerals. The
relationship between the mineral content and adsorption capacity is shown in Figure 9,
where all the mineral contents are found to have no correlation with the adsorption capacity.
This finding implies that the mineral composition of marine shales is not the controlling
factor of gas adsorption. Clay minerals are commonly considered the main adsorbates
in shales because of the big SSAs of pure clays [25,26,29]. However, the analysis results
in this study prove that the clay minerals in overmatured Longmaxi shales almost have
no effect on the adsorbed gas quantity. This phenomenon may come from the following
three reasons.

The mineral composition of marine shales may be one reason. Previous studies on
the pure clays have presented the sequence of methane adsorption capacity with clay
mineral types, i.e., montmorillonite > I–S mixed layer > kaolinite > chlorite > illite [35,58].
Montmorillonite has the best adsorption capacity due to its largest SSA. For the studied
lower Silurian shales in China, their kerogen type is type I and their thermal maturity is
high (2.5–3.5%), reaching the late diagenetic and dry gas stage. Thus, the montmorillonite
and kaolinite were completely transformed, making illite and chlorite the main types of
clay minerals in marine shales. However, illite and chlorite have lower adsorption capacity,
which may be one reason for the phenomenon. Although it contains a certain amount of
the I–S mixed layer, its adsorption may be masked by the ultra-low adsorption capacity
of illite and chlorite. Furthermore, according to the correlation between the adsorption
capacity per unit TOC and clay mineral content, the correlation shown in Figure 10 is
enhanced compared with that in Figure 9, but the correlation is still poor. Therefore, in
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general, TOC is the most important material control factor, and high TOC masks the actual
adsorption capacity of clay.

Figure 8. The relationship between the adsorption capacity (VL) and mesopore SSA (a), mesopore
PV (b), micropore SSA (c) and micropore PV (d) of the 82 shale samples.

Figure 9. Relationships between the adsorption capacity (VL) and mineral content ((a) clay,
(b) quartz, (c) illite, (d) chlorite, (e) I–S mixed layer, and (f) feldspar) of all the shale samples.
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Figure 10. Relationships between the adsorption capacity per unit TOC (VL/TOC) and mineral content ((a) clay, (b) quartz,
(c) illite, (d) chlorite, (e) I–S mixed layer, and (f) feldspar) of all the shale samples.

Moreover, the hydrophilicity of clay minerals may cause this phenomenon. The
wettability analysis of clay minerals and OM indicated that the clays are always hydrophilic,
and OM is hydrophobic [34]. Moreover, the nonpolar functional groups in OM, such as
methyl and methylene, are similar to the molecular structure of methane, whereas the
molecular structure of the Si–O and Al–O bonds in clays greatly differs from that of methane
molecules. Therefore, methane molecules are easier to adsorb on the pores of OM due to
their favorable wettability and molecule polarity [59].

In addition, the water absorption of clay minerals may be one of the reasons. Although
the adsorption experiments in this study were conducted under a drying condition, part
of the water bound in the clay minerals still exists [60,61]. Moisture can directly reduce
the adsorption capacity of clay pores because water molecules can reduce the number of
potential adsorption sites by blocking micropores or directly occupying polar adsorption
sites [62]. However, due to its hydrophobic surface characteristics, OM has no substantial
contribution to the water absorption of shale. Therefore, the clays in marine shales have no
controlling effect on methane adsorption, due to their composition, wettability, and water
absorption ability.
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4.4. Competitive Adsorption between OM and Clay Minerals

From the petrophysical model of shale, it is composed of quartz, clay, feldspar, pyrite,
carbonate, OM, and pore fractures. Among these components, OM and clay minerals
are natural adsorbents. In the process of shale gas accumulation, due to the existence of
pores in shales, the gas can be stored. When the gas enters the pores, part of the gas is
adsorbed, due to the attraction of the pore wall to the gas molecules. In this process, the
competitive adsorption of OM and clay minerals will occur. In the above analysis, it is
found that the clay minerals in marine shale hardly adsorb methane, which can be proven
from another aspect, as shown in Figure 11. The data analysis shows that the pore SSA has
a good positive correlation with the TOC and has little effect on clay minerals, regardless
of mesopores or micropores. This finding indicates that most of the pores in shales are
provided by OM, and clay minerals have much fewer pores. It is precisely because the
pores are not developed and there is no support for methane adsorption that it is difficult
for clay minerals to cause adsorption. Therefore, in the competitive adsorption process of
OM and clay minerals, OM has an absolute advantage. Clay minerals become a carrier for
water absorption, due to their interlayer polarity and water wettability, and they have no
effect on methane adsorption.

Figure 11. Relationships between clay content and mesopore SSA (a), clay content and micropore SSA (b), TOC content and
mesopore SSA (c), TOC content and micropore SSA (d) of all the shale samples.

Particularly, the aforementioned conclusions can only be applied to the overmatured
marine shales in South China. Shales in other layers have different rock composition
and pore development characteristics, and their adsorbed gas controlling factors may
be different. In future works, it is necessary to compare the adsorption characteristics
and controlling factors of transitional, continental, and marine shales, which is significant
for clarifying the gas occurrence characteristics and guiding the shale gas exploration in
different regions.
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5. Conclusions

To reassess and clarify the effect of clay minerals on the methane adsorption capacity
of Longmaxi shales in China, TOC, XRD, LTNA, and HPMA experiments were conducted
on 82 shale samples from 10 evaluation wells. The pores, minerals, and adsorption charac-
teristics were analyzed, and the controlling factor was determined through a correlation
analysis. The main conclusions are as follows:

(1) From the perspective of mineral composition, OM is the only adsorbent for methane
adsorption in marine shales, and clay minerals almost have no effect on methane adsorption.
The ultra-low adsorption capacity of illite and chlorite and the hydrophilicity and water
absorption ability of clay minerals are the main reasons for the limited effect of clay on gas
adsorption in marine shales.

(2) From the perspective of pore structure, both of the micropore and mesopore SSAs
control the methane adsorption capacity of marine shales, which are mainly provided by
OM. Clay minerals have no relationship with SSAs, regardless of mesopores or micropores.

(3) In the competitive methane adsorption process of OM and clay minerals, OM has
an absolute advantage. Clay minerals become carriers for water absorption, due to their
interlayer polarity and water wettability.

Through the analysis of a large number of experimental data, this study proved for the
first time that clay minerals have no control effect on shale gas adsorption, which is of great
significance for clarifying the occurrence characteristics and accumulation mechanisms of
shale gas reservoirs.
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