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Amoisture equilibration test has been designed to study the pore structure and adsorption
capacity of organic-rich shale with different moisture contents. Five humidity environments
were artificially controlled to obtain shale samples with different moisture contents.With the
moisture equilibration test and N2 adsorption/desorption, the differences in pore structure
of samples with different moisture contents were compared and analysed. The results
showed that the diameter of 2–10 nm pores decreased with increasing humidity and that
the moisture adsorption characteristics conformed to the GAB adsorption model. It is
proposed that when moisture enters a sample, monolayer adsorption will first occur
because moisture is preferentially adsorbed on the pore surface with strong hydrophilicity,
filling in the relatively small pores. Mesopores and micropores play a major role in water
adsorption. With increasing humidity, capillary condensation of moisture gradually occurs
in pores. Based on the methane isothermal adsorption test of shale samples with different
moisture contents, a quantitative linear relationship between the moisture content and
methane adsorption capacity of shale samples has been established. It has been
determined that the methane adsorption capacity of shale in underwater conditions is
less than that of dry samples, and that the rate of decline in the adsorption capacity of
different samples under dry and water balance conditions varies greatly. The distribution
characteristics of clay minerals are the main controlling factor of the hydrophilicity of shale,
which has a certain guiding significance for further accurate evaluation of shale adsorption
gas reserves.

Keywords: moisture content, pore structure, GAB model, methane adsorption capacity, three-parameter Langmuir
adsorption model

INTRODUCTION

With the vigorous promotion of marine shale gas exploration in the Lower Paleozoic in South China,
relatively ideal industrial shale gas production capacity has been achieved in the Sichuan Basin.
However, exploration and development of marine shale gas in the Sichuan Basin still face severe
challenges (Dong et al., 2014; Zhang et al., 2021). Geological drilling finds many shale formations
with natural gas, and the amount of adsorbed gas is considerable in laboratory experiments, but the
gas content measured from drill core samples is low, or the actual gas well productivity is very low.
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The large difference between actual and predicted production of
shale gas and the rapid decrease in gas production make it
difficult to determine shale gas exploration targets.

Free gas and adsorbed gas are the main forms of gas in shale
and the direct parameter to evaluate the gas-bearing property of
shale (Zhang et al., 2010; Fan et al., 2017). The isothermal
adsorption test is the main method for calculating the
adsorbed gas content of a shale reservoir. The adsorbed gas
content is calculated by modeling the adsorption capability of
shale samples under different temperatures and pressures (Zhao
et al., 2021).

The methane adsorption capacity of marine shale is mainly
influenced by the TOC content (Sun et al., 2018; Jiao et al., 2019).
At present, it is generally accepted that the adsorbed gas in shale
gas complies with the isothermal adsorption mechanism of a
solid-gas interface. However, shale reservoirs are generally
deposited in environments like tidal flats, swamps, or deep-
water basins (Wang et al., 2021). The pore surface and
formation water distributions are ignored in the analysis of
adsorption capacity based on isothermal adsorption test results
from dry samples, which is one of the main reasons restricting the
reliability of shale gas resource assessment (Behar et al., 1995; Leif
and Simoneit, 2000; Wang et al., 2006; Helgeson et al., 2009).

Many researchers have studied the influence of moisture on the
adsorption capacity of samples. In research on methane adsorption
in coal seams, Su and Lin (2007) found that with increasingmoisture
content, the adsorbed gas volume in an aqueous sample may
decrease by 50% compared with that of a dry sample. The
adsorption capacity for methane decreases by 40–75% in organic-
rich shale with moisture. The reason for this is that under moist
conditions, water molecules exist in an adsorption state near polar
functional groups, and water blocks some small pores, reducing
adsorption capacity; meanwhile, the effect of water film in large
pores changes the adsorption capacity of methane in shale. The
combination of these two effects results in a significant decrease in
shale adsorption capacity (Ross and Bustin, 2008; Gasparik et al.,
2012; Li, 2017; Sun et al., 2021). Under stratigraphic conditions, a
shale reservoir often has a certain moisture content, which poses
difficulties for the evaluation of gas resources. To reasonably evaluate
the adsorption capacity of shale under water-bearing conditions, it is
necessary to further study the influence of water on the adsorption
gas content of shale with different moisture contents, to clarify the
enrichment mechanism of shale gas in organic-rich shale, and to
accurately calculate the content of shale gas under actual formation
conditions.

A marine organic-rich shale with high thermal evaluation in
the Sichuan Basin was selected. Multiplemethods, such as
scanning electron microscopy (SEM), N2 adsorption/
desorption, and CH4 isothermal adsorption, were used to
characterize the characteristics of microscopic storage space
development and pore structure and were combined with the
moisture equilibration test to quantitatively analyze the water
distribution characteristics of the pore surface in shale with high
evolution. This confirmed a relationship between adsorbed gas
content and water content, which provided a theoretical basis for
reasonable evaluation of adsorbed gas and shale reservoir
productivity.

MATERIALS AND METHODS

Samples
Six samples were obtainedfrom the coring well of the Lower
Silurian Longmaxi formation in the southeastern Sichuan Basin.
X-ray diffraction mineral analysis, porosity measurement, and
total organic carbon (TOC) testing were carried out; the results
are shown in Table 1.

Moisture Equilibration Test
The moisture equilibration test was used to study moisture
distribution in the samples. By measuring the relationship
between variations in moisture content and the corresponding
partial pressure of water vapor (i.e., relative humidity, or RH), the
isothermal adsorption curve of water vapor was obtained. An
appropriate isothermal adsorption model was used to obtain
parameters such as the saturated adsorption capacity of water
and to further clarify the internal adsorption mechanism between
shale and water.

The samples were crushed to 60–80 mesh (0.180–0.250 mm).
Before themoisture equilibration test, the samples were dried at 60°C
for more than 24 h to a constant weight to ensure that the adsorbed
water on the sample surface was completely dried and that the
structure of clay and organic matter would not be destroyed. Five
kinds of saturated salt solutions were configured at a constant
temperature of 25°C, the corresponding saturated vapor pressure
(RH) at room temperature was determined in accordance with
ASTM D1412, and the relative humidity was recorded (Table 2).
After drying, each of the six samples was divided into six parts, with
the weight of each part being about 20 g. One part of each sample
was kept aside for comparison and kept dry in the dryer. The
remaining five samples were placed above the saturated salt solution
for the moisture equilibration test under different humidity
conditions. To ensure the moisture balance of the test samples,
each group of moisture equilibration tests lasted for 1month, during
which the ambient temperature remained stable.

The adsorbed moisture contents of the samples were measured
by weighing. Generally, the higher the relative humidity of the
saturated solution and the higher the water vapor content in the
environment indicate more adsorbed moisture in the samples.
The water adsorption of samples under different humidity
conditions was equal to the moisture content, which was
calculated by the following formula:

M � (mmoist −mdry)/mdry (1)
where M is the moisture content of the sample; mdry is the dry
weight of the sample, in g; and mmoist is the sample weight after
the moisture equilibration test under a certain humidity, in g.

N2 Adsorption and Desorption
N2 adsorption and desorption were used to measure the pore
structure characteristics of the samples and their variation with
moisture in the Key Laboratory of Shale Gas Evaluation and
Exploitation of Sichuan Province, with the test standard being the
“BET gas adsorption method to determine the specific surface
area of solid substances (GB/T 19587-2017)”. The experimental
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instrument was an automatic specific surface and pore size
analyzer, which can test the pore size in a range of
0.35–0.50 nm and can determine a minimum specific surface
area of 0.0005 m2/g. The test temperature was 77 K (i.e., -196°C)
with a relative pressure range of 0.00–0.995.

The dry sample and the aquiferous samples were placed in
liquid nitrogen at a constant temperature of 77 K, and the
adsorption and desorption quantities of the samples were
recorded as the relative pressure was increased or decreased to
draw the adsorption-desorption curves. The pore types were then
determined according to the morphology of the adsorption-
desorption curves. The specific surface area and pore volume
of the samples were calculated by the BET and BJH models,
respectively. In the process of N2 adsorption and desorption at
low temperature (77 K), the adsorbed water is crystallized, and
moisture evaporation can be neglected.

Methane Adsorption
The instrument used to measure methane adsorption was a
Rubotherm maglev weight analyzer operating according to the
“High-pressure isothermal adsorption experiment method for
coal (GB/T 19560-2008)” standard in the Key Laboratory of Shale
Gas Evaluation and Exploitation of Sichuan Province. The
maximum experimental pressure of the instrument was
35 MPa, with a maximum temperature of 150°C.

Before the experiment, the instrument was blanked with nitrogen
(as recommended) to record the mass and volume of the sample
chamber. The samples were then put in for vacuum pretreatment,

they were filled with helium for a buoyancy test, the sample volume
was calculated, and then the adsorption test was carried out. After
vacuum treatment, methane was injected into the sample chamber,
the maximum pressure of 30MPa was set, and the sample weights
under different balance pressures were recorded at a constant
temperature. The variations in sample weight were used to reflect
the methane adsorption capacity of the sample under the test
pressure. With increasing test pressure, the variations in the
adsorption capacity of the sample were recorded to draw the
methane adsorption isotherm. The vacuum must be drawn in a
short time (≤5min) to remove gaseous impurities from the sample
chamber without releasing moisture from the sample.

RESULTS

Pore Characteristics in SEM
The pore developments in the samples were observed by Ar-ion
polishing, field emission scanning electron microscopy (FE-
SEM), and energy spectrum analysis. The results indicated that
matrix pores were the main pore types, followed by fractures.
Matrix pores include organic matter pores and inorganic pores.
Inorganic pores can be further divided into interparticle or
intercrystal pores, intraparticle pores, and interparticle or
intercrystal dissolved pores (Loucks et al., 2012; Cao et al., 2015).

Using argon ion polishing, a field emission scanning electron
microscope, and energy spectrum analysis technology, the
characteristics of pores in the sample was observed. The

TABLE 1 | Experimental results for shale samples.

Sample TOC/% Porosity/% Mineral contents/%

Quartz Feldspar Calcite Dolomite Pyrite Clay Other

#1 1.96 2.20 18 0 11 35 3 31 2
#2 4.94 2.33 20 0 48 10 6 15 1
#3 2.09 4.44 24 8 5 0 4 27 32
#4 4.10 3.43 16 3 8 7 2 35 29
#5 3.15 5.43 28 2 11 12 8 31 8
#6 6.47 7.41 28 0 8 0 7 48 9

TABLE 2 | Relative humidity of different saturated salt solutions.

Types ZnCl2 CH3COOK MnCl2 NaCl K2SO4

RH/% 11 29 54 69 99

Photo
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results show that the pore types in the test samples were mainly
matrix pores, followed by fractures. Matrix pores included
organic and inorganic pores. The inorganic pores were further

divided into intergranular pores, intragranular pores, and
intergranular dissolved pores. Intergranular (intergranular)
pores were further divided into clay mineral intergranular
pores, pyrite intergranular pores, intergranular dissolved pores,
and other classes. The shape of the pores was mostly narrow or
irregular (Figures 1A–C). Intragranular pores are developed by
solution pores between clay mineral and quartz grains
(Figure 1D). These pores are mainly formed by dissolution by
organic acids. The pore morphology is greatly affected by
inorganic mineral particles, and some dissolution pores are
connected. The number of such pores is small.

There were a large number of organicmatter pores. Some organic
matter pores were isolated and randomly distributed in lumpy,
banded, and other organic matter (Figure 1E). Another part of the
organic matter was filled between inorganic mineral particles/
crystals such as siliceous minerals, clay minerals, or pyrite. A
large number of pores and microfractures were developed in the
interior and along the edge of this type of organic matter. The shapes
of the reservoir spaces were diverse, including circular, oval, flat,
narrow, and irregular (Figures 1F,G,H). Some pores had good
connectivity (Figure 1I). The pore diameter of organic matter
pores was widely distributed. Organic matter pores and

FIGURE 1 | Different storage space types in organic-rich shale (A) interparticle dissolution pores between clay minerals; (B) intercrystal pore of pyrite; (C) linear
micropores between bedded clay mineral; (D) interparticle pores between quartzes; (E) isolated organic pores; (F) pores and fractures between clay minerals and
organic matter; (G) partially connected pores; (H) elliptical and flattened pores; (I) circular organic pore.

FIGURE 2 | Equilibrium moisture adsorption curves of different shale
samples.
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intergranular/intragranular pores were observed by SEM in samples
#1, #2, #3, and #4. There was a large number of these pores, which
are round or oval in shape. Organic matter and intergranular pores
between clay minerals were developed in samples #5 and #6, and
most of the pores were of the slit type.

Moisture Adsorption Characteristics With
Different Humidity
Six samples were selected for the moisture equilibration test; the
results are shown in Figure 2. When the relative humidity was
greater than 50%, moisture adsorption increased steeply with
increasing relative humidity, indicating that monolayer
adsorption, multilayer adsorption, and capillary condensation
occur in samples with different moisture contents (Sang et al.,
2020a; Sang et al., 2020b; Yang et al., 2020; Dang et al., 2021).

Based on the multilayer adsorption theory, the BET model was
proposed by Brunauer, Emmett, and Telle, which assumed that the
adsorbent surface is composed of homogeneous local sites and that
the adsorptions at adjacent sites do not affect each other. The BET
model is widely used to determine the surface area of adsorption,
usually using N2, Ar, or Kr gases. Water adsorption sites exist on the
outer surfaces of pores and particles of clay minerals. Under low
water content, moisture is adsorbed in the interlayer spaces of
expandable clay as a monolayer of water molecules. The GAB
model was proposed by Guggenheim, Anderson, and DeBoer (de
Boer, 1953; Guggenheim, 1966; Arthur et al., 2018). The GAB
isotherm is an extension of the BET isotherm. In the GAB
model, when k = 1, the GAB model is equivalent to the BET
model. Considering the different properties of monolayers and
multilayers, the parameter k in the GAB model can be used to
represent the different adsorption water binding capacities of
multilayers, with low k reflecting lower adsorption water binding
capacity. The GAB model was selected because of its greater
versatility compared with the BET model:

q � qmGCGABK( P
P0
)

[1 −K( P
P0
)][1 + (CGAB − 1)K( P

P0
)

(2)

where q is the moisture adsorption; qMg is the monolayer
moisture adsorption, representing the number of surface-active
adsorption sites on water molecules; C is the thermodynamic
constant; K is the difference between adsorption heat and
liquefaction heat; and P/P0 is the relative pressure, which is
equivalent to the relative humidity during moisture adsorption.

The monolayer moisture adsorptions of the samples were
calculated by the GAB model; the fitted results are shown in
Table 3 and Figure 3. The moisture absorption of different
samples increased at higher humidity. qmG reflects the monolayer

moisture adsorption capacity of the samples, which was #3 > #4>
#5> #1> #6> #2; samples #3 and #4 reached 0.0073 cm3/g and
0.00675 cm3/g, which was higher than that of the other samples over
the whole humidity range. According to the statistics of the
relationship between the moisture absorptions of the various
samples, TOC, and clay minerals, the influence of TOC on
moisture absorption is not obvious, whereas the clay minerals are
positively correlated with moisture absorption. This may be the case
because the surface of clay minerals usually shows strong
hydrophilicity and possesses a surface electric charge. Water
molecules are closely bound to clay mineral particles by
hydrogen bonds, electrostatic forces, and intermolecular forces.

Pore Structure Characteristics in N2

Adsorption/Desorption Experiments With
Different Humidity
IUPAC (International Union of Pure andAppliedChemistry) divides
pore types into four classes according to the characteristics of the
adsorption loop formed in the N2 adsorption/desorption experiment
(Sing et al., 1985). From the adsorption loop characteristics of six
samples under dry conditions, the isothermal adsorption curves
presented an inverse S-shape overall (Figure 4). The adsorption
curves rose slowly in the early stage of the test, with a long plateau in
the middle, and then rose sharply in the later stage. An obvious
inflection point at lower relative pressure exists in different isothermal
adsorption curve types, indicating the completion of monolayer
nitrogen molecular adsorption and the formation of second and
third layers of molecular adsorption with increasing relative pressure.
An obvious hysteresis loop in the adsorption/desorption curve occurs
when the relative pressure reaches a certain value. According to the
hysteresis loop classification of IUPAC, the hysteresis loops of the six
samples can be divided into two types. The hysteresis loops of
samples #1, #2, #3, and #4 are close to type H2 and represent
mostly lidded inkstand pores. Samples #5 and #6 have both
characteristics of type H3 and type H2, reflecting wedge-shaped
pores or slit-shaped pores with openings at one or both ends.

The distributions of pore diameters, specific surface areas, and
specific pore volumes were calculated by the BET and BJH models.

TABLE 3 | Fitted results of the GAB model for the various samples.

Parameter #1 #2 #3 #4 #5 #6

qmG 0.00514 0.00147 0.00730 0.00675 0.00532 0.00322
K 0.99450 0.99097 0.99167 0.99711 0.99216 0.99780
C 1.37501 0.94780 0.95904 2.85114 0.99900 3.13711
R2 0.95422 0.92618 0.92054 0.89403 0.90918 0.95314

FIGURE 3 | Fitted curve of the GAB model for samples with different
equilibrium moisture.
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From the results (Table 4), the specific pore volumes of the six
samples ranged from 0.0159 to 0.0324 cm3/g with an average of
0.0237 cm3/g, and the specific surface areas ranged from 18.4325 to
31.3568m2/g with an average of 23.0948m2/g. As for the specific
surface areas and specific pore volumes of pores in different diameter
ranges (micropores: < 2 nm, mesopores: 2–50 nm, macropores:
>50 nm), the micropores contributed greatly to the specific
surface area, with the micropores occupying 3.24% of the pore
volume, but providing 13.06% of the specific surface area (Figure 5).
Mesopores were the most prevalent pore size, accounting for the
largest proportion of total pore volume, and the pore size
distribution of different samples was basically consistent (Figure 6).

By comparing the characteristics of the N2 adsorption/
desorption curves of samples #2 and #6 at different humidity
(Figure 7), it is apparent that the curves have large differences.
With increasing humidity, the saturated adsorption capacity of
N2 gradually decreased. For sample #6, the saturated adsorption
of N2 decreased from 29.1247 cm3/g to 24.6419 cm3/g when the
humidity rose from 0 to 11% and finally decreased to
19.0913 cm3/g with further increases in humidity. However,
for sample #2, the variation in N2 saturated adsorption
capacity was not significant with increasing humidity, but
tended to decrease overall, and when the humidity increased
to 99%, the adsorption capacity decreased to 15.5676 cm3/g. This

FIGURE 4 | N2 adsorption/desorption isotherms of the various samples.

TABLE 4 | Comparison of surface area and pore volume of samples.

Sample number #1 #2 #3 #4 #5 #6

Specific surface area (m2/g) 18.4325 18.7118 19.5952 25.6230 24.8494 31.3568
Specific pore volume (cm³/g) 0.0223 0.0159 0.0280 0.0213 0.0222 0.0324

TABLE 5 | Comparison of specific surface area and specific pore volume of samples #2 and #6 with different humidity.

Pore parameter Sample number RH = 0 RH = 11% RH = 29% RH = 54% RH = 69% RH = 99%

Specific surface area (m2/g) #2 18.7118 17.8075 17.5408 17.1286 16.7346 16.6805
#6 31.3568 27.0035 26.1547 27.1361 25.0426 24.8494

Specific pore volume (cm³/g) #2 0.0159 0.0161 0.0157 0.0155 0.0154 0.0154
#6 0.0324 0.0299 0.0273 0.0228 0.0224 0.0222
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phenomenon indicates that water occupies a certain pore space
and that this occupied space increases at higher humidity, thus
reducing N2 adsorption capacity on the pore surface. The
complex pore structure of the samples makes the N2

adsorption capacity vary greatly under different humidity
conditions. The mechanism may be that when water vapor
adsorbs in the pores, the reaction between water molecules
and the pore wall surface is dominated by the van der Waals
force at relatively low pressure and humidity, and the water vapor
preferentially adsorbs in small pores. At higher humidity, water
molecules begin to condense in larger capillaries (Figure 8).

DISCUSSION

Differences in Pore Structure Under
Different Humidity
The pore structure characteristics of the samples were calculated by
the BET and BJH models based on the N2 adsorption/desorption
curves of samples with different humidity. In this study, shale was
considered as a whole, without effectively distinguishing between the
distributions of inorganic and organic pores in shales with different

humidity. The results showed that under different humidity
conditions, the moisture content and the distribution position
were different, and the pore structure characteristics were also
different, especially for pore sizes in the 2–10 nm range
(Figure 9, Table 5). For samples #2 and #6, the proportion of
2–10 nm pores decreased at higher humidity. The reasons for this
are that when the humidity is relatively low, monolayer adsorption
occurs after water molecules enter the sample. Most of the water
molecules preferentially adsorb on the pore surface with strong
hydrophilicity and fill the relatively smaller pores. Mesopores and
micropores play a major role in water adsorption because of their
dominance in shale pores.

Moisture Effect on Methane Adsorption
Capacity
The shale gas storage mechanism is mainly affected by fluid
distribution and gas adsorption behavior in shale (Wang, 2017;
Chen et al., 2021). The main fluids in a high-evolution shale
reservoir are natural gas and water. The occurrence
characteristics of natural gas are very important to evaluate
gas adsorption. Shale gas mainly exists on the surface of
organic matter or clay minerals in the form of adsorbed gas
(Zhang et al., 2019).

Taking samples #2 and #6 as the research object, the moisture
content and Langmuir adsorption constant at different humidity
are shown in Table 6. From the methane isothermal adsorption
curve under different moisture contents of samples #2 and #6
(Figure 10), the methane adsorption capacity of the sample
decreased gradually after an early rise with increasing pressure.
The reason for this is that after reaching maximum absolute
adsorption, the adsorbed shale gas volume does not change, but
the pressure increases gradually, along with the density of the
adsorbed gas, resulting in a continual increase in buoyancy. As a
result, the measured excess adsorption capacity decreases (Wang
et al., 2015; Yu et al., 2015; Tian et al., 2018). The adsorption
capacity of methane at the same pressure decreased at higher
moisture content, indicating the competitive adsorption
characteristics of water molecules and methane molecules. The

FIGURE 5 | Distribution of pore volume and specific surface area of samples.

FIGURE 6 | Pore size distribution characteristics of different samples.
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fitted results of the three-parameter Langmuir model (Figure 10)
showed that with increasing sample moisture content, the
methane adsorption capacity decreased gradually.

For sample #2, when the sample moisture content increased
from 0% to 2.13%, the maximum methane adsorption capacity
decreased from 4.0613 cm3/g to 2.1301 cm3/g, with a gradual
increasing trend in Langmuir pressure. For sample #6, when the

sample moisture content increased from 0% to 2.33%, the
maximum methane adsorption capacity decreased from
4.2338 cm3/g to 1.3733 cm3/g with a gradual increasing trend
in Langmuir pressure. Langmuir pressure represents the
adsorption capacity of a solid surface to methane molecules,
indicating that the increase in humidity weakened the adsorption
of methane molecules to the pore surface.

FIGURE 7 | N2 adsorption/desorption curves of samples #2 and #6 with different humidity (A). N2 adsorption/desorption curves of samples #2, (B). the enlarged
view of the part marked by the red dotted line in (A). (C) N2 adsorption/desorption curves of samples #6. (D) the enlarged view of the part marked by the red dotted line
in (C).

FIGURE 8 | Moisture adsorption process in different pores (modified from Yang et al., 2020).
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When the variation in the maximum adsorption capacity
(VL) of sample #6 with moisture content was investigated
(Figure 11), the results showed that methane adsorption
capacity was negatively correlated with moisture content.
The relationship between moisture content and methane
adsorption capacity of samples #2 and #6 were established
(sample #2: VL = -0.992ω + 4.1478, R2 = 0.913; sample #6: VL =
-1.3602ω + 4.2596, R2 = 0.912). The reason for this is that water
is a polar molecule, and water molecules under different
humidity preferentially adsorb on the pore surfaces of shale,

occupying some of the adsorption sites and reducing
adsorption space for methane molecules. In addition, when
water enters shale pores, the original solid-gas adsorption is
converted into solid-gas adsorption and liquid-gas adsorption.
From the perspective of adsorption potential, the original
adsorption field formed by solid shale changes into a solid
adsorption field and a liquid adsorption field. The variation in
adsorption field intensity and the decrease in number of
adsorption sites and in adsorption potential further reduce
the methane adsorption capacity of shale.

FIGURE 9 | Pore size distribution characteristics of samples #2 and #6 with different humidity.

TABLE 6 | Moisture content and Langmuir adsorption constant of samples #2 and #6 with different humidity.

Sample RH/% 0 10 23 54 75 98

#2 Moisture content (ω, %) 0 0.65 0.73 1.11 1.30 2.16
VL/(cm

3·g−1) 4.0613 3.6878 3.6477 2.9734 2.5560 2.1301
PL/(MPa) 8.1212 6.4345 8.1600 9.3149 9.8202 11.2446

#6 Moisture content (ω, %) 0 0.44 0.54 1.04 1.36 2.33
VL/(cm

3·g−1) 4.2338 3.9046 3.5771 2.9543 1.7426 1.3733
PL/(MPa) 0.5549 0.5220 0.5016 0.6479 0.5978 0.5880
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FIGURE 10 | Test results of excess adsorption and Langmuir three-parameter fitted results of samples #2 and #6 at different moisture contents. [(A) Measured
adsorption capacity under different water contents of sample #2; (B). Adsorption capacity under different water contents using the ternary Langmuir equation of sample
#2; (C) Measured adsorption capacity under different water contents of sample #6; (D) Adsorption capacity under different water contents using the ternary Langmuir
equation for sample #6.].

FIGURE 11 | Maximum adsorption capacity and moisture content of samples #2 and #6 (A. sample #2, B. sample #6).
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The methane adsorption capacity of shale samples is related to
the pore structure distribution of the samples. The rate of
decrease M of adsorption capacity under the condition of
water balance was calculated for samples 2# and #6:

M � Vunder the condition of water balance − Vdrying condition

Vdrying condition
p100% (3)

Under the water balance condition, #6the adsorption
capacity of sample #6 decreased more than that of sample
#2. The rate of decreaseM of the adsorption capacity of sample
#2 was 47.53%, and that of sample #6 was 67.56%. According to
an analysis of the reasons, the #2 samples have high organic
carbon content and low clay content. Organic pores and
intergranular (inner) dissolution pores are developed in the
samples, which were determined by SEM, and the pore shape is
oval or irregular. The #6 samples have high clay content,
developed microcracks, most of the pores are slit-shaped,
and some of them are irregular pores. Under different water
contents, the distribution characteristics of clay minerals are
the main controlling factor of the hydrophilicity of shale. The
higher the content of clay minerals, the greater will be the
differences in the adsorption capacity of samples under
different water contents, and the greater the influence of
water on the adsorption capacity of samples.

CONCLUSION

1) Moisture equilibration tests were carried out for samples with
different humidity. N2 adsorption and desorption experiments
showed that the moisture content and distribution of the
samples were different and resembled the pore structure
characteristics. At higher humidity, the pore size distribution
in the range of 2–10 nm decreased. Analysis showed that when
the humidity was relatively low, water entered the sample by
monolayer adsorption, and most of the water molecules
preferentially adsorbed on pore surfaces with strong
hydrophilicity and filled the relatively small pores.

2) Multilayer adsorption and capillary condensation occurred
under different moisture conditions, which is consistent with
the GAB model. Comparing the moisture adsorption versus
humidity curves, when the humidity was relatively low, the
van der Waals force was the main force between the water

molecules and the pore wall surface. The water vapor was
adsorbed in the small pores first, mainly in a monolayer, but
with increasing humidity, water molecules gradually
condensed in larger capillaries. Mesopores and micropores
played a major role in water adsorption.

3) The methane adsorption characteristics of shale samples
with different moisture contents conformed to the three-
parameter Langmuir model. The methane adsorption
capacities of samples with moisture were obviously less
than those of dry samples. For the same sample, with
increasing moisture content, water molecules occupied a
certain number of the methane adsorption sites, and the
maximum methane adsorption capacity decreased
gradually. The higher the clay mineral content of the
sample, the greater was the change in adsorption
capacity under different water conditions, and the
greater was the influence of water on the adsorption
capacity of the sample.
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