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Abstract: A typical feature of shale gas reservoirs is that they contain a significant amount of adsorbed
gas. The evaluation and prediction of adsorbed gas play important roles in shale gas exploration and
development. However, the presence of water in shale reservoirs makes this work more difficult. In
recent years, research related to the occurrence and distribution of water in shales and its effect on
methane adsorption have become a prominent issue. In this paper, the factors controlling water in
shale nanopores and its influence on methane adsorption were systematically reviewed. It is revealed
that the connate water content in shales and their water absorption capacity vary widely, and both are
mainly related to the organic matter contents and properties and mineral compositions. The water
absorption capacity of organic matter in shales is mainly affected by its nanopore content, structure
and surface chemical properties (such as the type and amount of oxygen-containing functional
groups), which are jointly constrained by its kerogen type and maturity. Even under moist conditions,
the organic matter in shales still shows a strong methane adsorption capacity, although the water
decreases the adsorption capacity to some extent. The hydrophilicity of different minerals in shales
varies greatly, but the type and amount of clay minerals are the main factors affecting the adsorbed
water content or water adsorption capacity of shales. The nanopore structure and characteristics of
shales, such as the pore type, specific surface area, pore size distribution and heterogeneity, directly
impact the occurrence and distribution of water. The competition for adsorption between water
and methane at some adsorption sites is the main mechanism for the reduction in the methane
adsorption capacity of moist shales. In addition, external environmental factors, such as pressure and
temperature, can change the distribution and occurrence of water in shales and, thus, the influence of
water on the methane adsorption capacity to a certain extent. This paper also discusses some current
issues regarding the effect of water on methane adsorption capacity and highlights future research
directions in this field.
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1. Introduction

With the increasing demand for energy and the rapid exploitation of conventional oil
and gas resources, unconventional oil and gas resources have gradually become important
supplements. Shale gas, as an unconventional natural gas, has attracted attention across the
world due to its great resource potential. The geological study of shale gas formation and
enrichment has been one of the main research directions of the last 15 years [1-4]. Shale
gas occurs mainly in a free state in the pores and fractures of shales and in an absorbed
state on the pore surfaces of organic and inorganic components, with a minor amount
dissolved in water, oil and bitumen [5-8]. Nanopores are widely developed in shale gas
reservoirs, providing them with a large specific surface area and a high proportion of
adsorbed gas, making them different from conventional tight gas reservoirs [9-13]. The
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adsorbed gas content in shale reservoirs varies greatly, generally accounting for 20-85% of
the total gas content [14-21]. Evidently, it is of great significance for shale gas evaluation,
exploration and development to understand the methane adsorption capacity of shales and
its restrictive factors.

In order to reveal the methane adsorption capacity of shales and evaluate their ad-
sorbed gas contents under geological conditions, the high-pressure methane adsorption
experiment is widely applied to simulate methane adsorption, which is usually based on
dried shale samples [22-24]. However, there is a more or less certain amount of water
in shale reservoirs under geological conditions [25-29]. Water in shales not only reduces
the content of free gas but also has a clear influence on the adsorbed gas owing to the
competition for adsorption between water and methane in the nanopores [30-32]. With the
wide-scale exploration and development of shale gas in recent years, the occurrence and
distribution of water in shales, its effect on methane adsorption and its restrictive factors
have received extensive attention, and the amount of related research has continuously
increased [9,33—40].

The water in a shale reservoir mainly has the following origins: water remaining
from sedimentation, water generated by organic matter evolution and mineral diagenesis
and water seeping into the reservoir from the surrounding formations. Some studies refer
to this water as connate water, with the purpose of distinguishing it from the enthetic
water introduced into shale reservoirs through artificial interventions (e.g., drilling and
fracturing) [41-45]. Connate water is the research target for the evaluation of shale gas
reservoirs. According to the occurrence state of water in shales, it is divided into free
water, adsorbed water (also called as irreducible water in some studies) and structured
water [46-48]. Among them, adsorbed water has a direct effect on the adsorption of gas in
shales [49-51]. A large number of studies have shown that water in gas-bearing shales is
generally in a state of ultra-low saturation [27,52-54], and only adsorbed water is present,
without free gas [55-57]. It is generally believed that the water in shales reduces their
methane adsorption capacity, because the adsorbed water molecules competitively occupy
the methane adsorption sites, and the condensate water blocks the micropores and par-
tial pore throats, which prevents methane molecules from reaching some pores [58-61].
However, the study of connate water in shales is challenging, since it is difficult to obtain
samples while maintaining the original water-bearing state of shale reservoirs [40,53,62-65].
According to the data obtained by Handwerger et al. (2011), the adsorbed water content of
shale samples that were kept in closed bags and stored in room conditions for two years
showed no significant change, which means that it is possible to investigate the characteris-
tics of connate water in gas-bearing shales [63]. In recent years, a variety of methods have
been developed to study the water in shales. The simulation test methods for obtaining
shale samples with water mainly include the following: water displacement [48,66], water
spontaneous imbibition [29,67] and equilibrium moisture adsorption [9,28,68-71]. Among
them, the water adsorption capacity of shales is generally tested using the equilibrium
moisture adsorption experiment method recommended by ASTM (2007) (the achieved
water is called equilibrium adsorbed moisture in order to distinguish it from connate
water [68]. This method can also be used to obtain shale samples with different moisture
contents [72-75]. The quantitative analysis methods for water in shales mainly include the
following: heating mass loss [76,77], differential thermal analysis [78] and nuclear magnetic
resonance [79,80]. In particular, the low-pressure gas (CO, and N;) adsorption method has
been used to reveal the distribution of water in the nanopores of shales in a comparison
between the dry shale and its moist sample [37,75,81,82]. Through the improvement of the
high-pressure methane adsorption experiment procedure, this technique has been applied
to the quantitative evaluation of the methane adsorption capacity of water-bearing shale
samples [35,39,69,83]. The comprehensive application of these methods can effectively re-
veal the water absorption capacity of shales, the occurrence and distribution characteristics
of the adsorbed water and the influence of adsorbed water on the methane absorption
capacity, and some progress has been made in regard to these areas.
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To provide a summary of the influence of adsorbed water on shales” methane adsorp-
tion capacity using data from the literature, this paper focuses on the influences of organic
matter properties, inorganic mineral compositions and temperature and pressure condi-
tions on the adsorption of water and methane. The purpose is to clarify the mechanism of
the influence of water in shales on methane adsorption and provide a scientific basis for
the objective evaluation and prediction of adsorbed gas in shale reservoirs and theoretical
guidance for shale gas exploration and development.

2. Influence of Water on Methane Adsorption Capacity

There are a number of studies which report on the equilibrium moisture content
and methane adsorption capacity of shales [5,9,28,84-89]. Figure 1 presents data on the
relationship between the equilibrium moisture content and methane adsorption capacity
of shales from some relevant studies. Although these data refer to different shales, and
the test temperatures are slightly different, they show a uniform trend. With an increasing
amount of water uptake in shales, the methane adsorption capacity decreases, but this
negative correlation is not a simple linearity. Roughly speaking, when the moisture content
is less than 1% (mass ratio, the same below), the methane adsorption capacity decreases
rapidly with the increase in the moisture content; when the moisture content is between
1% and 3%, the methane adsorption capacity decreases significantly with the increase
in the moisture content; and when the moisture content is more than 3%, the methane
adsorption capacity shows only a slow decrease with the further increase in the moisture
content. A similar trend was revealed in some earlier studies. For instance, Crosdale (2008)
studied the methane adsorption of sub-bituminous coal samples containing equilibrium
moisture (the Huntly coalfield, New Zealand), and his data show that there is a nonlinear
negative correlation between the methane adsorption capacity and moisture content [90].
Yang et al. (2016b) reported experimental results on the methane adsorption of overmature
shale samples containing different amounts of equilibrium moisture (the Wufeng-Longmaxi
Formation, Sichuan Basin, China) and found that with the increase in the moisture content,
the methane adsorption capacity presented an initial decline, followed by a steep decline
and then a slow decline [91]. In fact, there is a critical moisture content for the effect of
water on methane adsorption in shales [9,22,28,88,92]. When the moisture content is less
than this value, the methane adsorption capacity decreases significantly with the increase
in the moisture content, while the decrease in the methane adsorption capacity becomes
rather slow with the further increase in the moisture content when it exceeds this value.
It can also be seen from Figure 1 that the critical moisture content is variable between
different shales, with an approximate range of 1.5-3.5%. Sun et al. (2021b) reported the
relationship between the GIP (gas in place) content (66-93% adsorbed gas) and water
saturation of shallow Longmaxi shale from the Xishui Block, Guizhou, China, and it is
similar to the trend presented in Figure 1. With the increase in water saturation, the GIP
content decreases first rapidly and then slowly, and even if the water saturation reaches a
high level (60-80%), there is still a certain amount of gas (mainly adsorbed gas) stored in
the shale [93]. This shows that the critical moisture content of shales can also be reached
under geological conditions. The available data have shown that the critical moisture
content of a specific shale is mainly controlled by its geochemical attributes and nanopore
characteristics [40,94,95]. However, systematic research on this aspect is still lacking, and a
further work is needed.
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Figure 1. Relationship between equilibrium moisture content and methane absolute adsorption
capacity of shales (pressure 6 Mpa, temperature 298-318 K). The data sources are as follows: the
Gordondale and Muskwa shales in British Columbia, Canada [5,85]; the Lower Cretaceous shale
in northeastern British Columbia, Canada [33]; the D-M shale in British Columbia, Canada [9]; the
Bossier, Haynesville, in Texas and Louisiana, USA, and the LOS shales in the Midland Valley Basin,
Scotland [28,87]; the Carboniferous Keluke Formation shale in the eastern part of Qaidam Basin,
China [88]; the Carynginia Formation shale in the Perth Basin, Western Australia [89]; the Longmaxi
shale in the southeastern part of Sichuan Basin, China [96].

Methane adsorption on shale nanopore surfaces is regarded as physisorption through
Van der Waals force, while water adsorption is a combination of physisorption and
chemisorption, i.e., van der Waals force combined with adhered force from the polar
bonds of water molecules [97]. When water enters into shale nanopores, if the force be-
tween the water molecules and pore surfaces is greater than that between the methane
and pore surfaces, the adsorbed methane will be replaced with water [98]. Therefore, it
is generally believed that the water in shales reduces their methane adsorption capacity,
because the adsorbed water molecules competitively occupy the methane adsorption sites,
and/or the condensate water blocks the micropores and partial pore throats, which pre-
vents methane molecules from reaching these pores [58—61]. The dynamic behavior of
water in shale nanopores is related to its amount, which leads to differences in the reduction
extent of the methane adsorption capacity under different moisture content conditions.
Because the adsorption of water and methane in shales basically occurs in the nanopores
of organic matter and clay minerals [11,99-102], the occurrence and distribution of water
in the pores have been highlighted. Chalmers and Bustin (2008) investigated the methane
adsorption capacity of shale samples with equilibrium moisture (the Lower Cretaceous
shale, northeastern British Columbia, Canada) and found that some of the samples with
a high moisture content also had a high methane adsorption capacity, and they believed
that was because the adsorption sites of the water and methane were different, and the
hydrophobic sites of organic matter could adsorb a certain amount of methane even at
a high moisture content [33]. Li et al. (2016) studied the interaction between methane,
water films and clay minerals in shales and argued that when the water coverage rate on
the surfaces of clay minerals exceeded the monolayer level, a transition from a gas—solid
boundary adsorption to a gas-liquid interface adsorption occurred, but when the water
coverage rate was less than the monolayer level, there was competition for adsorption sites
between the water and methane [31]. Zou et al. (2018) compared the methane adsorption
capacities of dry shales and samples of those shales containing equilibrium moisture (the
Perth Basin, Western Australia) and highlighted that water existed on the clay surface in
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the form of a water film, which changed the interface interaction between the methane and
clay [89]. Li (2019) also considered that the change in the adsorption interface caused by the
increase in the moisture content was the main mechanism for the decrease in the methane
adsorption capacity [103].

Under different moisture content conditions, the occurrence and distribution char-
acteristics of water in shale nanopores also differ to some extent (Figure 2) [96,104,105].
When the moisture content is low, the water molecules firstly combine with hydrophilic
oxygen-containing functional groups in organic pores and enter inorganic mineral pores
with the reduction in the number of methane adsorption sites [106]. At the hydrophobic
point, organic pores adsorb almost no water molecules, while water is adsorbed by the clay
pores in a monolayer and engages in competitive adsorption with methane (Figure 2a).
This results in a rapid decrease in the methane adsorption capacity. As the moisture content
continues to increase, water tends to accumulate at the pore center, which prevents the
flow of methane molecules into narrow pores. When the moisture content reaches a certain
level, the water in the organic pores forms capillary water, while the water in the clay
mineral pores undergoes multilayer adsorption [107,108], and the water film at the pore
throats accumulates into a water bridge and gradually forms capillary water to prevent
methane from flowing into the relevant pores, thus decreasing the diffusion and adsorption
capacity of methane in the pores of clay minerals (Figure 2b). When the moisture content
reaches a high level, the water in organic pores will form a highly ordered structure (water
clusters) [105], and the water bridge in the clay pores will gradually form condensate
water with the increase in the amount of capillary water (Figure 2c). Under this condition,
the influence of water on methane adsorption basically reaches a limit, and even if the
moisture content continues to increase, its effect on the methane adsorption of shales will
not be significant.

Organic matter % Organic matter 2% Organic matter

Hydrophobic Condensate g Condensate
sites ] water v

% High ordered
structures

Multilayer

Monolayer sich adsoyption > Multilayer
adsorption 4 / % adsorption

Clay mineral §

Figure 2. Occurrence and distribution characteristics of water in shale under different moisture
content conditions. (a) Low moisture content. (b) Moderate moisture content. (c¢) High moisture
content. These figures are modified from Han et al. (2021) [96].

Therefore, the adsorption of water on the pore surfaces of shales can be divided into
monolayer adsorption, multi-layer adsorption and capillary condensation. These three dif-
ferent forms of adsorbed water are controlled by the amount of water, which is responsible
for the three stages forming the relationship between methane adsorption and the moisture
content described above. It can also be seen from Figure 1 that, for a given equilibrium
moisture content, the different shales have variable methane adsorption capacities.

The effect of water on the methane adsorption of shales depends on the amount of
water and the occurrence and distribution of water in the nanopores. These two aspects are
related to the geochemical attributes of shales (such as the organic matter content, type and
maturity and the mineral composition, especially the type and amount of clay minerals)
and their nanopore development characteristics (such as the pore type, pore structure, pore
size distribution and pore heterogeneity). In addition, some geological conditions (such as
temperature and pressure) of shale reservoirs also alter the influence of water on methane
adsorption. These processes are summarized below.
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3. Effects of Organic Matter Attributes on the Adsorption of Water and Methane

There is a process for understanding whether there is a significant amount of water
in the organic pores of shale gas reservoirs. Earlier studies posited that the hydrophobic
surface of organic matter in shales is not conducive to the occurrence of water, and there
is almost no water in organic pores [54,109-111]. Water mainly exists in inorganic pores,
especially in the nanopores of clay minerals with strong hydrophilicity [44,72,112-116].
However, for low- and middle-mature shales, a certain amount of hydrophilic functional
groups are present in their organic matter molecular structure, and water can be combined
with the polar oxygen-containing functional groups of organic matter through hydrogen
bonding; thus, water may be present in organic pores [117-119]. In particular, recent studies
have shown that the polar oxygen-containing functional groups of organic matter in shales
are basically shed in the high- and over-mature stages, but the organic nanopores can
still capture a small amount of water through capillary forces [57,64,120-122]. In fact, the
capacity of organic pores in shales to absorb a certain amount of water is not only restricted
by the surface wettability but also related to the pore structure characteristics, which are
mainly controlled by the amount, type and maturity of organic matter [119,123].

3.1. Total Organic Carbon Content

Figure 3a,b presents data on the total organic carbon (TOC), equilibrium moisture and
connate water contents of high- and over-mature shales reported in the literature. With the
increase in the TOC content, both the equilibrium moisture and connate water contents lack
a uniform change trend. In fact, the correlations between the TOC and equilibrium moisture
(or connate water) contents of shale samples from different basins or different areas are also
significantly different. For example, according to the data for the Lower Cretaceous low-
middle-mature shale in northeastern British Columbia, Canada, reported by Chalmers and
Bustin (2008), there was no clear correlation between the TOC and equilibrium moisture
contents, and the authors believed that the reason for this was the effect of a high content
of clay minerals in this shale [33]. The data provided by Cheng et al. (2017) on high- and
over-mature shales from southern China indicate that the connate water content has a
clear positive correlation with the TOC content [64]. Results similar to those of Cheng et al.
(2017) were also derived from shales in other basins (e.g., [75,84,89,124]). Sun et al. (2020)
conducted a study of the connate water of over-mature Longmaxi shale from northern
Guizhou, China, and their data show that the TOC content is negatively correlated with the
water content, while the clay mineral content is positively correlated with the water content.
The authors believed that the water mainly existed in clay mineral pores, and the negative
correlation between the TOC and water content was caused by the negative correlation
between the TOC and clay minerals [125]. In order to eliminate the influence of clay
minerals in shales, the equilibrium moisture content of Lower Jurassic low-middle-mature
shale (British Columbia, Canada) reported by Ross and Bustin (2007) was normalized to
the clay mineral content (the ratio of moisture content to clay mineral content), and the
results showed that the normalized moisture content had a positive correlation with the
TOC content (Figure 3c) [5]. Cheng et al. (2022) selected a set of over-mature coal-measure
shales (the Qinshui Basin, North China) with similar clay mineral contents (33.2-36.4%)
and variable TOC contents to investigate the occurrence characteristics of the connate water
and equilibrium moisture and found that both had a strong, positive correlation with the
TOC content (Figure 3d) [65].

It can be seen from the above discussion that although the water adsorption capacity
or connate water content of shales is mainly controlled by the clay minerals, a small
amount of water can still be adsorbed in the organic nanopores. This mechanism is
generally explained by hydrogen bond binding between the water and hydrophilic oxygen-
containing functional groups in organic matter or the capillary force effect of water in
organic nanopores [118,126-128].



Energies 2023, 16, 3305

7 of 29

4.0 4
] B Rossclal (2008)
z 3.5 m B = ‘ §
< m ® i
E ]
é 3.0 - ®  Sha
T v ¥ lietal (2021)
z a . :
3254 = '-
g u u
E 2.0 ‘
E 201 @, .
= v w* i o
= . » e
5 1.5
E * [ ]
E 1.0
T
53] -
.54
T T T T T 1
0 1 2 1 4 S 6
TOC(wt%)
(c)
015
. y=0.0031x+0.0548
£ :
s R'=0.3301
3 E 0101
Z Y
g = .
g3 .
£ °
= L]
E E 0.05 .
g e
28]
0.00 T T T T T
0 2 4 6 8 10
TOC (wi%)
(e)
®  Ross el al(2007)
1.8 4 ¥ Chalmers et al (2008}
A Ross et al £2009) o
o +  Wang clal(2016)
L0 1.6+ ou et al.(201%) &
“= . £
2 1.4 4
E v 2l
2 124 ¢
& + y=0. 0606x+0.4587
k=] 3
= 1.0 * R'=0.2498
)
g 08 -
G
[~ =
% 0.6 ©
g 3
= 044 v,
2 b v r
= il wy .
. L §
0.0 T T T T T 1
0 2 4 6 8 10 12

TOC{wt%)

Connate moisture content{wt%s)

Water content(wt%)

AAD(emYg)

®  Tanctal(2014)

184 > B Sun (2020)
> - b Tiam et al.(2020)
1.6 »> 1 Mactal (2021)
. ® (aoetal (2022)
1.4 . ] A Sun et al (2022)
> ¥ Xvelal, (20223
1.2 w # Gaoectal.,{2022)
ols v L > ."
‘ v Te o " e -
0.8 - v o "“:"5 v LR 4
L] Ay
A *y Yw
06 4 of w e *y .
LI L) ! 4
0.4 & ¥ *
1 *
0.2
0.0 T T T T T
1] 2 4 [ 8 10

TOC(wi%)

(d)

264 = Connale waler
24+ ¥ Equilibrium water
2.2
P y=0.0929x+1.7842
1.8 R’=0.9688&
1.6
1.4
124
1.0
0.8+ I—I'r/._—’_-———_.
0.6 4 v=0.0254x+0.6878
041 R'=0.8998
0.2
0.0 T T T T T T T T
2 3 4 5 6 7 8 9
TOC(wt%)
0.8 4
= Ross el al.(2009)
074 4 Wangetal(2016) ®
0.6
o) y=—0.0691x+1.1118
' R*=0.7574
0.4 -
0.3 A y—0.0449x+0. 3319 .
A R*=0.7125
0.24
0.1
0.0 T T T T T
0 2 4 [3 8 10
TOC(wt%)

Figure 3. Relationships of TOC content with equilibrium moisture content, connate water content,
methane adsorption capacity, and methane adsorption capacity differences between dry and moist
conditions in shales. (a) TOC content versus equilibrium moisture content (Ro between 1.25% and 3.6%).
The data of Ross and Bustin (2008) are derived from the Muskwa shale in the northwestern region of the
Western Canada sedimentary basin [85]. The data of Wu et al. (2015) are derived from the Longmaxi
Formation shale from the XY1 well in Guizhou and the outcrops of Fenghuang and Yongshun in
Hunan, China [129]. The data of Wang and Yu (2016) are derived from the Carboniferous Keluke
Formation shale from the CY2 well in the Qaidam Basin, China [88]. The data of Yang et al. (2016b) are
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derived from the Wufeng-Longmaxi Formation shale in the Sichuan Basin, China [91]. The data of
Shabani et al. (2018) are derived from the Sargelu-Garau Formation shale in southwestern Iran [130].
The data of Li et al. (2021b) are derived from the Shanxi-Taiyuan Formation shale in the North
China Basin, China [73]. (b) The correlation between the TOC content versus connate water content
(Ro between 2.4% and 3.6%). The data of Tan et al. (2014) are derived from the Lower Cambrian
and Lower Silurian shale in the Upper Yangtze region of South China [131]. The data of Sun (2020)
are derived from shale of the shallow Longmaxi Formation in the Qianbei area, Sichuan Basin,
China [125]. The data of Tian et al. (2020) are derived from shale of the Lower Cambrian Qiongzhusi
Formation, Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation, Sichuan
Basin, China [71]. The data of Ma et al. (2021) are derived from the coal-measure shale of the Taiyuan
Formation in the Yushe area, Qinshui Basin, China [132]. The data of Gao et al. (2022a) are derived
from the deep Lower Cambrian Longmaxi Formation shale in the Luzhou block, southern Sichuan,
China [75]. The data of Sun et al. (2022) are derived from the carboniferous coal-measure shale in
the Yangquan block, Qinshui Basin, China [39]. The data of Xu et al. (2022) are derived from Lower
Silurian Longmaxi Formation shale and Lower Cambrian Niutitang Formation shale in southeast
Chongging, China [40]. The data of Gao et al. (2022b) are derived from ultra-deep shale of the
Lower Paleozoic Wufeng-Longmaxi Formation in the eastern part of Sichuan Basin, China [133].
(c) Correlation between equilibrium moisture content normalized to clay mineral content and TOC
content (Ro between 0.56% and 1.16%). The Lower Jurassic Gordondale and Poker shale from
northeastern British Columbia, Canada. The data are derived from [5]. (d) Correlation between TOC
content and moisture content (Ro between 3.4% and 3.6%). The Lower Permian Shanxi Formation and
Upper Carboniferous Taiyuan Formation shales of the Yangquan block, Qinshui Basin, China. The
data are derived from [65]. (e) Correlation between TOC content and methane adsorption capacity
of shale containing equilibrium moisture (Ro between 0.6% and1.59%, pressure 6MPa, temperature
298-319.15 K). The data of Ross and Bustin (2007) are derived from the Lower Jurassic Gordondale
and Poker chip shales in northeastern British Columbia, Canada [5]. The data of Chalmers and Bustin
(2008) are derived from Lower Cretaceous shales in northeastern British Columbia, Canada [33].
The data of Ross and Marc Bustin (2009) are derived from the Jurassic shales in British Columbia,
Western Canada [9]. The data of Wang and Yu (2016) are derived from the CY2 well shale of the
Carboniferous Keluke Formation in the eastern part of Qaidam Basin, China [88]. The data of
Zou et al. (2018) are derived from the AC2 well shale of the Carynginia Formation in Perth Basin,
Western Australia [89]. (f) Correlation between TOC content and AAD (pressure 6 MPa, temperature
298-319.1 5 K). The data of Ross and Marc Bustin (2009) are derived from the Jurassic shale in British
Columbia, Western Canada (Ro between 0.9% and 1.3%) [9]. The data of Wang and Yu (2016) are
derived from Carboniferous Keluke Formation shale from the CY2 well in the eastern part of Qaidam
Basin, China (Ro between 1.35% and 1.69%) [88].

For shale samples containing equilibrium moisture, the methane adsorption capacity
has a clear positive correlation with the TOC content (Figure 3e), indicating that organic
matter still has a strong methane adsorption capacity under moist conditions and controls
the methane adsorption capacity. Figure 3f shows the correlation between the TOC content
and AAD (the difference in the methane adsorption capacity of shales under dry and
equilibrium moisture conditions) based on the data reported by Ross and Bustin (2009)
and Wang and Yu (2016) [9,88]. Although the two sets of shales originate from different
basins, their AAD results show a decreasing trend with the increase in the TOC content.
This further shows that the influence of water on methane adsorption will decrease with
the increase in the TOC content. The same conclusion can be derived from the data re-
ported by other authors (e.g., [91,130]). Relevant mechanism explanations have also been
proposed [30,134-137]. For example, Tong et al. (2011) and Wei et al. (2014) believed that
in shales with higher TOC contents, the organic matter has a better interconnected pore
system and more hydrophobic sites than minerals with a stronger pore water preservation
capacity, and moreover, the limited hydrophilic sites in the organic matter can only form a
small number of water clusters, which is conducive not to the adsorption of water but to
the transport of water, thus reducing the influence of water on methane adsorption, com-
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pared with shales with lower TOC contents [134,136]. Billemont et al. (2013) investigated
the adsorption of methane in nanoporous carbon with adsorbed water using molecular
simulations. Their results show that in the competitive adsorption process between water
and methane, the water in organic pores has a trend of desorption with the increase in
methane pressure, which implies that the influence of water on methane adsorption in
shales with high TOC contents might be mitigated [135].

3.2. Organic Matter Type

The organic matter in shales is divided into three kerogen types: type I, type II and
type III [138,139]. Although the organic matter in coals is generally regarded as typical
type III kerogen [140], coals contain most of the macerals occurring in shales. Therefore,
the research results on coals can provide some references for shales.

Chalmers and Bustin (2008) studied the methane adsorption capacity of low-middle-
mature shales containing equilibrium moisture and found that after the moisture content
data was normalized to the TOC, the normalized moisture content of the type III shale
samples was higher than those of the type I and type II shale samples [33]. Li (2021)
investigated the relationship between the water contact angle and maturity of shales with
different kerogen types and found that when Ro < 2.0%, the type III shale had the smallest
contact angle, followed by type II and type I shales, but when Ro > 2.0%, the difference in
the water contact angle between the three types of shales was not clear (Figure 4a) [141].
This indicates that the hydrophilicity of organic matter decreases successively from type
III to type II to type I, and this difference occurs mainly in the maturity range from the
immature to middle-mature stages but is not significant in the high- and over-mature stages.

(b)
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Figure 4. (a) Correlation between the water contact angle and maturity of shales with different
types of kerogen. A smaller water contact angle indicates a better wettability. The red line is the
dividing line between hydrophilic and hydrophobic kerogen. This figure is modified from [141].
(b) Correlation between the amorphous organic matter content (AOM) and AAD in shales. This
figure is derived from [88].

Hydrophobicity differs considerably between different macerals. Arnold and Aplan
(1989) studied the hydrophobicity of different macerals in coals of low-middle maturity
using the water contact angle method and obtained the following order of hydrophobicity:
exinite > vitrinite > inertinite (Table 1) [142]. Xu et al. (2015) investigated the influences
of maceral components on the wettability of water-containing coal samples (Ro = 1.0%)
and also found that the coals rich in vitrinite had a strong hydrophilicity, and the authors
believed that the high proportion of hydroxyl functional groups on the surface of the
vitrinite was an important reason for its strong wettability [143]. Wang and Yu (2016)
conducted a comparative study on the methane adsorption capacity of shales (low-middle
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maturity) under dry and moist (equilibrium moisture) conditions (the samples were from
the Qaidam Basin, China) and found that the dense hydrophobic groups on the surface
of amorphous kerogen can “resist” water adsorption. According to their data, when the
content of amorphous kerogen in the shales is higher, the methane adsorption is less
affected by water, and the difference in methane adsorption capacity (AAD) between dry
shales and their moist samples shows a clear, linear, negative correlation with the content
of amorphous kerogen, with a correlation coefficient of 0.81 (Figure 4b) [88].

Table 1. Comparison of contact angles of exinite, vitrinite and inertinite in coals (data from [142]).

Sample Seam Rank Maceral Contact Angles 6 (°) Ro (%)
Carbon Co., UT Liptinites 120 0.5
subA Vitrinite 35 0.5
Fusinite 25 0.5
Parke Co., IN Liptinites 90 0.6
hvBb Vitrinite 57 0.6
Fusinite 41 0.6

The difference in hydrophilicity between different kerogen types or their macerals is
directly related to their chemical structure and is affected by their maturity. Water interacts
with different types of functional groups on the surface of organic matter and inside its
pores, especially in the low- and middle-mature stages, and thus organic matter can absorb
a certain amount of water [37,118,144,145]. The properties of heteratomic functional groups
(mainly oxygen-containing functional groups) of organic matter are directly related to
its kerogen type [146] (Ungerer, 1990). Type I and type II kerogens mainly contain ether
bonds and ester groups, respectively, while type III kerogen mainly consists of phenolic
hydroxyl, quinone and aryl carboxyl groups [147]. Joubert et al. (1974) studied the methane
adsorption behavior of coals of different maturities under dry and moist conditions and
found that the reduction in the methane adsorption capacity of high-oxygen coals (i.e., lower
maturity) was much greater than that of low-oxygen coals (higher maturity) when these
coals were saturated with water compared with their dry samples. The authors also noted
that only the adsorbed water could affect the gas adsorption capacity, while an excessive
amount of condensed water had no noticeable effect [49]. Using the Grand Canonical
Monte Carlo method and molecular dynamics simulation, Xiang et al. (2014) simulated
the interaction between low-mature coal (Ro = 0.62%) and water. The results showed that
water mainly forms in a stratified distribution around the hydroxyl, carboxyl and carbonyl
groups on the surface of the coal, and the interaction intensity is as follows: hydroxyl group
> carboxyl group > carbonyl group [148]. Xia et al. (2016) applied the quantum chemical
density functional theory (DFT) to study the adsorption mechanism of water molecules
with oxygen-containing functional groups on the surface of a lignite model and achieved
results showing that the adsorption order of oxygen-containing functional groups on
water molecules is as follows: carboxyl > phenol hydroxyl > alcohol hydroxyl > carbonyl
> ether bond (Table 2) [149]. Therefore, the difference in chemical structure between
different types of kerogen (typically in the low- and middle-mature stages), especially
the difference between oxygen-containing functional groups, is the basic reason for their
different hydrophilicities. The water adsorption capacity of type III kerogen is stronger
than that of types I and II. Due to the gradual shedding of these functional groups of
organic matter in the process of thermal evolution, the ratio of hydrogen to carbon and that
oxygen to carbon in organic matter decrease with enhanced aromatization [150,151]. When
evolved to the overmature stage, the chemical structure characteristics of different types
of kerogen become very similar, and the difference in water adsorption capacity between
them is no longer apparent.
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Table 2. Adsorption energy of water molecules acting on different oxygen-containing functional
groups of a lignite model (data from [149]).

Adsorption Site * Ecoal/water! (KJ/mol) * E,qs/(kJ/mol)
Carboxyl 7,039,986.00 —69.25
Phenolic hydroxyl 7,039,962.37 —45.63
Alcoholic hydroxyl 7,039,957.81 —41.06
Carbonyl 7,039,953.30 —36.55
Ether linkage 7,039,939.84 —23.10

* Ecoal/water 1S the total energy after lignite absorbs the water molecules. E .y, and Eyater are the energies of
lignite and water molecules, respectively. E,qs is the adsorption energy of water molecules on the surface of
lignite. * E,qs = Ecoal/water — Ecoal — Ewater- A greater absolute value of E,4s indicates stronger adsorption, since
the adsorption process is exothermic.

Hydrophilicity clearly differs between different types of kerogen in different stages of
maturity, which also affects their methane adsorption. Huang et al. (2018a) combined the
molecular dynamics and Grand Canonical Monte Carlo methods to simulate the methane
adsorption behaviors of different types of immature kerogen models under dry and moist
conditions. The results showed that the methane adsorption capacity of type III kerogen
was greater than that of type I and type II kerogens when the moisture content was
between 0.6% and 2.4%, while compared with the dry samples, the decrease in the methane
adsorption capacity of type III kerogen under moist conditions was greater than that of
the other two types of kerogen at the same moisture content, a finding which is mainly
attributed to the former’s higher hydrophilicity [106]. At present, there is no literature on
the comparative study of the water adsorption capacities of different types of kerogen in a
higher stage of maturity. However, some studies have shown that the functional groups
of organic matter in coals and shales are basically eliminated when they evolve into the
high- and over-mature stages [146,152,153], and in this case, organic nanopores, especially
micropores and smaller mesopores, play a crucial role in water adsorption [121-123]. The
developmental degree of organic nanopores of type III kerogen is significantly lower than
that of type I and type II kerogens in the high- and over-mature stages [84,154,155], and
it is reasonable to infer that type I and type II kerogens have a relatively stronger water
adsorption capacity than type III kerogen.

To sum up, the properties and number of functional groups of organic matter in
shales are the main factors controlling their hydrophilicity, which is restricted by their
maturity. The difference in hydrophilicity between different types of kerogen is clear from
the immature to middle mature stages. At present, the adsorption capacities of water and
methane have been investigated extensively for specific shales, but research on the water
adsorption capacities of shales with different types of kerogen of different maturities and
their methane adsorption capacities under moist conditions is still lacking, and systematic,
comparative research is needed.

3.3. Maturity of Organic Matter

There are some relevant studies on the correlation between the maturity, moisture con-
tent and methane adsorption capacity of shales, which confirm that the amount of connate
water in shales is controlled by their maturity, and maturity also affects the adsorption
capacity of shales for water and methane.

In order to understand the evolution of connate water in shales during thermal matu-
ration and avoid the influences of various uncertain factors under geological conditions,
Cheng et al. (2019) conducted a thermal simulation experiment to investigate the change in
water content of an organic-rich shale containing type II kerogen with increasing maturity.
The results showed that the water content decreased significantly when Ro increased from
0.67% to 0.90%, increased rapidly when Ro increased from 0.90% to 1.36%, decreased
observably when Ro increased from 1.36% to 1.90% and then decreased slowly when
Ro > 1.9%. The shale still had a water content of 0.97% as it evolved to a very high stage of
maturity (Ro = 3.2%) (Figure 5) [156]. The above evolutionary process roughly corresponds
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to the four stages (oil window, condensate, wet gas and dry gas) of oil and gas generation
from source rocks. Although the change in the water content of shales is mainly controlled
by the intensity of hydrocarbon generation and expulsion [52,56,157,158], the amount of
water generated by the decomposition of clay minerals (i.e., autogenous water) also has
a clear effect [43,159-161]. In the oil window stage, the decrease in the water content is
mainly due to the displacement of liquid hydrocarbon, which promotes the expulsion of
water [162]. In the condensate stage, the transformation of clay minerals generates a certain
amount of water, which leads to an increase in the water content [159,161,163]. In the
wet gas stage, the transformation of clay minerals is basically completed, the hydrophilic
functional groups of organic matter are significantly degraded, and the clear decrease in
the amount of water is due to the displacement of gaseous hydrocarbons and their expul-
sion with the water. In the dry gas stage, gas generation due to heavy hydrocarbon gas
secondary cracking and kerogen cracking causes water evaporation and expulsion, which
further reduces the water content, but the clay minerals and widely developed organic
nanopores can still retain a certain amount of water. This simulation experiment result
is consistent with the occurrence characteristics of connate water in shale gas reservoirs
under geological conditions. For example, the Longmaxi Formation over-mature gas shale
samples from a well in the northern area of Guizhou, China, have an average connate
water content of 7.46 mg/g, and the water occupies 82% and 41% of the inorganic and
organic non-micropore BET surface areas, respectively, and 44% and 18% of the inorganic
and organic micropore volumes, respectively [93].
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Figure 5. Correlation between the maturity and water content of an organic-rich shale. The data are
based on a thermal simulation experiment of this shale [156].

In fact, the thermal maturation of organic matter is also accompanied by the evolution
of its water absorption ability (i.e., hydrophilicity), which impacts the amount of connate
water in shales [119,164-166]. Hu et al. (2016) used the molecular dynamics simulation
method to study the influence of maturity on the wettability of an organic pore system and
indicated that the wettability of kerogen was a function of its maturity. It was hydrophilic
even in a very low stage of maturity, seemed to exhibit mixed (oil and water) wettability
in the middle-mature stage, and exhibited oil wettability in the high-mature stage [119].
Jagadisan and Heidari (2019) studied the wettability of a set of kerogen samples of different
maturities obtained by heating treatment and found that the kerogen was hydrophilic
in low maturity and gradually changed to become lipophilic and hydrophobic in high
maturity, and the same rule remained true after the removal of soluble organic matter
from the kerogen [165]. The measured data on the electrical resistivity, dielectric constant
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and elastic modulus of kerogen samples provided by some authors (e.g., [167-169]) also
indirectly indicate that the water adsorption capacity of shales varies according to thermal
maturity. As mentioned above, in the stages of low and middle maturity, the influence of
maturity on the water adsorption capacity of organic matter is mainly attributed to the
continuous shedding of oxygen-containing functional groups with increasing maturity.
Guo et al. (2014) conducted systemic research using a carbonaceous shale kerogen which
was pyrolyzed at different temperatures and then analyzed by infrared spectroscopy and
found that the number of oxygen-containing functional groups decreased sharply with
the increase in maturity and basically disappeared after the pyrolysis temperature reached
450 °C (Ro = 1.5%) [153]. The molecular simulation results of Hu et al. (2015) show
that the water accessibility of nanopores in kerogen depends on the stage of maturity
and pore surface roughness, and it is difficult for water to enter organic ultra-micropores
(pore size < 0.4 nm) or pores without oxygen functional groups [118].

However, high- and over-mature shales still have the ability to adsorb water, even
though their organic matter lacks polar functional groups [118,120-122,170-172], which
is mainly attributed to the extensive development of organic nanopores. According to
a study conducted by Curtis et al. (2012) on Woodford shale, organic matter begins to
develop a large number of nanopores only when its maturity is over 1.23% Ro [173]. The
simulation results of Chen and Xiao (2014) show that the nanopore structure parameters of
organic matter in shales will increase with increasing maturity until the level of maturity
reach about 3.5% [174]. Cao et al. (2015) analyzed the specific surface areas of kerogen
samples of different maturities. According to their data, low-mature kerogen has a very
low specific surface area (5.54-27.49 m?/g), while high- and over-mature kerogens have a
much greater specific surface area (161.23-300.30 m?2/ g) [175]. Chen et al. (2021) studied
the water adsorption behavior of high- and over-mature shales of the Wufeng-Longmaxi
Formation in the eastern part of Sichuan Basin, China, and its relationship with the pore
structure and organic and inorganic components. They highlighted that, compared with
inorganic pores, organic pores of the same size have a higher filling pressure, with greater
water condensation, and are more likely to dominate water adsorption [172]. A high- or
over-mature shale gas reservoir usually shows ultra-low water saturation, and its organic
nanopores develop well [57,64,158,176]. According to the Young-Laplace and Kelvin
equations, capillary pressure is inversely proportional to water saturation [116], and a
high capillary pressure will greatly improve the water-capturing ability. This is the water
adsorption mechanism for high- and over-mature shales.

The change in the water adsorption capacity of organic matter during thermal evolu-
tion also affects its methane adsorption performance to a certain extent, which depends
on the maturity of the organic matter [34,94,177-179]. Gensterblum et al. (2013) reported
the methane adsorption capacities of coals of different maturities (from the Ruhr Basin in
Germany and the Surat Basin in Australia, with Ro values of 0.5-3.3%) under dry and moist
conditions. Their data showed that for the coal samples with similar TOC contents, the
difference in the methane adsorption capacity between dry and moist conditions decreased
with increasing maturity. The authors believed that this was related to the number of
functional groups in these coals [34]. Huang et al. (2018b) studied the effects of maturity
(from low maturity to over-maturity) and moisture content on kerogen methane adsorption
capacity and behavior based on a real kerogen model. The results showed that, under the
condition of a higher moisture content, the reduction in the Langmuir maximum methane
adsorption capacity caused by water (LMAC reduction%) decreases with increasing matu-
rity, and this trend can be attributed to the decomposition of hydrophilic groups and the
increase in pore size during the maturation of kerogen (Figure 6a) [178]. Sui et al. (2020)
applied the Monte Carlo model and molecular dynamics method to simulate the methane
adsorption behavior of type II kerogen models of different maturities in the presence and
absence of water (II-A, II-B, II-C and II-D correspond to the four stages of low-, middle-,
high- and over-mature, respectively). The results showed that under the same water molec-
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ular weight conditions, the decrease in the methane adsorption capacity of the kerogen
caused by water followed the order of II-A > II-B > II-C > II-D (Figure 6b) [179].
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Figure 6. (a) The reduction in the Langmuir maximum methane adsorption capacity (LMAC) of
kerogen models of different maturities with increasing moisture content. The LMAC reduction is
defined as the ratio of reduced LMAC at a certain moisture content to the LMAC under dry conditions.
The data are from [178]. (b) Degree of influence of water on the methane adsorption capacity under
different water molecular weight conditions. yegfect = (methane adsorption capacity in the absence
of water—methane adsorption capacity in the presence of water)/methane adsorption capacity in
the absence of water x100%. N is the number of water molecules in the kerogen. The four kerogen
models (II-A, II-B, II-C and II-D) correspond to the four stages of thermal maturation (low-, middle-,
high- and over-mature). The data are from [179].

It can be seen from the abovementioned studies that the occurrence, distribution
and mechanism of water in shales change according to their maturity, thus affecting
the methane adsorption capacity. Under geological conditions, in order to objectively
evaluate the influences of maturity on the adsorbed water and adsorbed gas of shales,
it is necessary to comprehensively analyze various correlated factors, such as the TOC
content, organic matter type, mineral composition and diagenesis of shales. Compared
with low- and middle-mature shales, the water occurrence mechanism in the organic
nanopores of high- and over-mature shales is still unclear. It is worth mentioning the
work of Kozbial et al. (2014), who found that the basal surface of highly ordered pyrolytic
graphite is hydrophilic [170]. Does this mean that the relative hydrophobicity of organic
matter pores will change in a very high stage of maturity? All these problems need to be
explored further.

4. Effect of Mineral Composition on the Adsorption of Water and Methane

Minerals in shales, such as clay minerals, quartz, carbonate minerals and pyrite, have
certain impacts on the occurrence and distribution of water, thus affecting the methane
adsorption capacity.

Clay minerals are characterized by a very small particle size and a large surface area with
a cation exchange ability, and they can easily combine with water to form adsorbed water.
Therefore, clay minerals are usually considered to be hydrophilic [31,81,104,115,116,180,181].
However, different types of clay minerals have different structure and surface properties,
and their hydrophilicity and influence on gas adsorption are variable [71,88,108,113,182].
Hatch et al. (2012) investigated the water adsorption capacity of montmorillonite, illite and
kaolinite (the samples were acquired from the American Clay Mining Society) and found
that montmorillonite had a variety of absorbent mechanisms, including external surface
adsorption, interlayer water absorption expansion and capillary force adsorption, and had
the highest water absorption capacity, while illite and kaolinite (both of which are non-
expansive clays) only adsorbed water through their multiple layer structures, with a low
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water absorption capacity. Comparatively, the water absorption capacity of illite was slightly
higher than that of kaolinite because of the diversity of its micropore and mesopore structures.
According to these data, at the same relative humidity (such as 80%), the moisture content
of montmorillonite is 2-3 times that of illite and kaolinite (Figure 7) [108]. These results are
similar to the equilibrium moisture contents of montmorillonite, illite and kaolinite from the
Early Jurassic shales of British Columbia reported by Ross and Bustin (2009), which were
19%, 5.9% and 2.9%, respectively [9].
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Figure 7. Water adsorption capacities of different types of clay minerals under different humidity
conditions (modified from [108]).

Figure 8 shows the relationships between the clay mineral content of shales and their
equilibrium adsorption moisture content, connate water content and methane adsorption
capacity under equilibrium moisture conditions. There is a clear, positive correlation
between the clay mineral content and moisture content (Figure 8a,b), which shows that clay
minerals play a major role in controlling the water content in shales owing to their strong
hydrophilicity. According to the results reported by Xu et al. (2022) in a study of connate
water in Lower Paleozoic over-mature shales from southeast Chongging, China, the water
in inorganic and organic pores averages 68.15% and 31.85%, respectively [40]. The authors
found that there is no significant correlation between the clay mineral content and methane
adsorption capacity under moist conditions (Figure 8c) and believed that this is because
methane adsorption is mainly controlled by the TOC content. Sun et al. (2020) reported
correlations between the GIP content (mostly adsorbed gas) of Longmaxi shale samples
from the XK2 well in the Xishui Block, Guizhou, China, and the connate water content and
mineral composition. Although the clay mineral content showed no clear correlation with
the GIP content, it showed a clear, positive correlation with the GIP/TOC (the ratio of GIP
content to TOC). This indicates that even under moist conditions, clay minerals still have a
certain methane adsorption capacity (Figure 8d) [183]. Moreover, Jagadisan et al. (2020)
devised a set of experiments to quantify the water adsorption capacities of isolated kerogen
samples of different maturities and two pure clay minerals (illite and kaolinite) using the
NMR (nuclear magnetic resonance) method. They found that the water adsorption capacity
of the pure clay minerals was much greater than that of over-mature kerogen but less than
that of low-mature kerogen (Table 3) [184].
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Figure 8. (a) Correlation between clay minerals and equilibrium moisture content. The data are
from [64,74,89,91,130,185,186]. (b) Correlation between clay minerals and connate water content. The
data are from [39,40,71,93,133,187]. (c) Correlation between clay minerals and methane adsorption
capacities of shales containing equilibrium moisture (pressure 6Mpa, temperature 303-318 K). The
data sources are as follows: Gordondale and Muskwa shale in British Columbia, Canada [5,85];
Lower Cretaceous shales in northeastern British Columbia, Canada [33]; alum shale in southern
Scandinavia [35]; the Longmaxi Formation shale in southeast Chongqing, China [24]; the LOS shale
in the Midland Valley Basin, Scotland [87]; the Longmaxi Formation shale from well JSC1, Guizhou,
China [188]. (d) The correlation between the GIP/TOC and clay mineral content. The data are from
the Longmaxi Formation shale from the XK2 well in the Xishui Block, Guizhou, China [183].

Table 3. Water adsorption capacities of isolated kerogen samples and pure clay minerals (data
from [184]).

Water Adsorption Capacity

Sample (mL/100 g)
*K1 5.31
*K2 1.90
*K3 0.09
Illite 4.01

Kaolinite 2.15

* K1 is low-mature kerogen (HI is 328 mg-HC/g-OC), K3 is over-mature kerogen (HI is 54 mg-HC/g-OC), and the
maturity of K2 is between K1 and K3 (HI is 70 mg-HC/g-OC).

Although it is generally believed that the hydrophilicity of brittle minerals is weak,
there are also differences in hydrophilicity between quartz, feldspar, carbonate minerals
(dolomite, calcite) and pyrite. Tabrizy et al. (2011) determined the wetting states of
quartz, kaolinite and calcite according to the shape of their vapor adsorption isotherms
and calculated their number of adsorbed water molecule layers at a relative vapor pressure
(P/Po) of 0.15. The results showed that the hydrophilicity order of these minerals is
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quartz > kaolinite > calcite, with the numbers of adsorbed water layers being 1.13, 0.52 and
0.19, respectively [189]. Chen et al. (2019¢c) studied the water occurrence characteristics
of the Wufeng-Longmaxi Formation shale from the Changning-Weiyuan block, Sichuan
Basin, China, and indicated that the hydrophilicities of quartz and feldspar were similar
and stronger than that of calcite [190]. The hydroxyl group on the surface of calcite cannot
interact with water molecules, while quartz containing silanol groups can form two kinds
of hydrogen bonds with water, which is the basic reason for the weaker hydrophilicity of
calcite surfaces compared to quartz [191]. Chai et al. (2019) used the molecular dynamics
simulation method to study the adsorption of oil and water on the surfaces of calcite and
dolomite and found that their surfaces had a stronger interaction with water molecules
than with oil molecules, and the adsorption of water molecules on the surface of dolomite
was stronger than that of calcite, with a closer arrangement [192]. Wu et al. (2018) measured
the oil and water contact angle of pyrite in shales and found that pyrite often coexisted
with organic matter, and it had a strong hydrophobicity [193]. It must be noted that the
nanopores of these brittle minerals in shales are generally undeveloped. Moreover, their
water content is quite low, and they have little influence on the methane adsorption capacity
of shales.

To sum up, there are great differences in hydrophilicity between different minerals,
and their effects on the methane adsorption of shales are also different. Their different
structures and surface properties are the two basic factors that influence their hydrophilicity.
Clay minerals are a kind of main mineral component that affect the adsorption performance
of shales, and they can absorb both water and methane. However, the question of how to
quantitatively evaluate the methane adsorption capacity of different types of clay minerals
under geological conditions (containing connate water) needs to be studied further.

5. Pore Property

According to the pore size classification proposed by the International Union of
Pure and Applied Chemistry (IUPAC), nanopores in shales can be further divided into
micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm). As mentioned above,
under geological conditions, adsorbed gas in shales mainly exists in the nanopores of
organic matter, and water is mainly stored in the pores of clay minerals, although both
water and gas can coexist in the two types of pores. Moreover, the nanopore characteristics
of shales (such as their morphology, heterogeneity and pore size distribution) further
impact the occurrence and distribution of water and thus affect the adsorbed gas. Based on
the results of N, adsorption experiments on shale samples from the Longmaxi Formation
in Sichuan Basin, China, Li (2018b) quantified the distribution of water in the nanopores
and highlighted that the slit pores were more conducive to the occurrence of water than the
circular tube pores [194]. Sun et al. (2021a) conducted a comparative study on the fractal
dimensions of the Longmaxi Formation shale from northern Guizhou, China, between
water-bearing and dry conditions and found that the TOC content showed a significant
positive correlation with D1 (the fractal dimension of the pore surface, indicating the
heterogeneity of the pores) under both conditions, and the correlation of the moist samples
was better than that of the dry samples [195]. This indicates that water in shale tends to
accumulate preferentially in the pores, with a stronger heterogeneity in organic nanopores.

In recent years, some progress has been made in research on water distribution in
nanopores of different sizes in shales. Here, we discuss some examples. Ruppert et al. (2013)
studied the pore distribution characteristics of Barnett shale containing connate water
using the small-angle neutron scattering (a measuring range of 100 nm-10 pm) and ultra-
small-angle neutron scattering (a measurement range < 250 nm) techniques [196]. Their
results show that water molecules preferentially enter pores sized <30 nm (Figure 9a).
Cheng et al. (2017) studied the water distribution of over-mature shale containing equilib-
rium moisture (Lower Cambrian, North Guizhou, China) and observed that the adsorbed
water mainly accumulated in mesopores of 3-10 nm, although a small amount of water was
also detected in the micropores, macropores and mesopores of other sizes (Figure 9b) [64].
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Li et al. (2019) used the NMR technique to evaluate the distribution of self-adsorbed
water in marine shales from the southern Sichuan Basin, China, and also found that the
adsorbed water was mainly distributed in the mesopores of a size of < 10 nm, while the
free water mainly accumulated in pores of a size of > 10 nm, and both types of water
were influenced by the pore morphology (Figure 9¢) [122]. Hu et al. (2019) studied the
water isothermal adsorption of Longmaxi shale samples from the Changning and Weiyuan
blocks, Sichuan Basin, China, with different water saturations, and their data showed
that water mainly existed in the micropores and mesopores but was rare in the macrop-
ores (Figure 9d) [29]. Zou et al. (2020) studied the distribution of equilibrium moisture
in Bakken shale samples and their isolated kerogen. The results showed that both the
shale and kerogen could adsorb water molecules, and the adsorbed water altered the pore
size distribution characteristics, especially in case of the pores with sizes of > 16 nm and
between 0.4 nm and 16 nm [37]. Due to differences between shales or research methods,
there are some differences in the results reported in the abovementioned studies, but it
can be argued that the mesopores in shales represent a main pore size range for water
adsorption. It has been shown that pores of a size under a certain critical value will be
completely blocked by water due to the capillary coagulation effect, while for pores of a
size greater than the critical value, water can exist on their surfaces in the form of a water
film [118,190,197]. For example, Hu et al. (2015) investigated the water distribution in
kerogen nanopores using the molecular simulation method and proposed that when the
pores were smaller than 0.9 nm, the hydrophobic force of the organic matter prevented
liquid water from entering these pores, but when the pores were larger than 1.2 nm, the
water could enter these pores [118]. This may explain why only a small amount of water
exists in micropores. In addition, compared with macropores, mesopores in shales occupy
a greater proportion of the specific surface area of non-micropores so that adsorbed water
mainly exists in the mesopores rather than the macropores. Therefore, the competition for
adsorption between water and methane is related to pore size. Water molecules have a
minor influence on micropores, especially organic matter micropores, owing to their small
size and/or hydrophobic effect, and as a result, methane absorption occurs predominantly
in micropores. The competition for adsorption between water and methane mainly occurs
in mesopores, because clay minerals mainly develop mesopores, and mesopores, especially
those sized [2-10], are generally dominant in shale nanopore systems (Figure 9b,d).

The methane adsorption capacity of shales is mainly controlled by the specific surface
area; thus, these aspects have a clear, positive correlation [198-200]. At a certain temper-
ature and pressure, water molecules compete for the specific surface area to reduce the
methane adsorption capacity [201]. Sun et al. (2022) studied the connate water content
of carboniferous coal-measure shale from the Yangquan block, Qinghai Basin, China, its
occurrence characteristics in nanopores and its influence on methane adsorption perfor-
mance [39]. According their data, the water in the shale was in an ultra-low saturation state
and occurred mainly in clay minerals (91% on average), but its its effective pore structure
parameters were significantly decreased, especially the non-micropore-specific surface area
(decreased by 70.21% on average), and its methane adsorption capacity was reduced (by
33% on average). Gao et al. (2022a) conducted a comparative study on the pore structure
of Longmanxi shale from the Luzhou block, Sichuan Basin, China, under dry and moist
(i.e., connate water) conditions. The results indicated that the water significantly decreased
the effective pore space of the shale (by approximately 40%) and had greater influences on
the structure of the non-micropores and inorganic pores than on the micropores and organic
pores, occupying most of the surface area of the non-micropores (76.35% on average), and
the micropores were mainly responsible for the shale adsorbed gas [75].

Therefore, the occurrence and distribution of gas and water in shales are directly con-
trolled by their nanopore characteristics, especially the pore structure, and the competition
for adsorption between methane and water is related to their adsorption mechanisms (for
methane, this is basically physisorption, while for water, it is a combination of chemisorp-
tion and physisorption) [98]. However, there are still challenges in determining the occur-
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rence and distribution of gas and water in different types and various sizes of nanopores in
shales [62,63,122] and in understanding changes in the competitive adsorption mechanisms
of shales of different maturities. More in-depth work should be conducted.
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Figure 9. (a) Comparison between deuterated water (D,O) and deuterated methane (CDy) based
on their access to pores in shale samples. ®AC is the proportion of accessible pores, and Q is the
small-angle scattering vector. Barnett shale, Fort Worth Basin, Texas, USA. The figure is modified
from [196]. (b) Pore size distribution of shale samples with different adsorbed moisture contents.
Lower Cambrian shale, Guizhou, China. The figure is from [64]. (c) The distribution characteristics of
adsorbed water and free water in pores of different shapes in shale. The volume ratio is the ratio of
adsorbed water volume or free water volume to the total water volume. Longmanxi shale, Sichuan
Basin, China. The figure is from [122]. (d) The distribution of adsorbed water in full-sized pores under
conditions where the water saturation is below the critical level of water saturation. The ordinate is
the ratio of pores of specific sizes which are occupied by water to the total pore volume occupied by
water. The mesopores have a stronger water adsorption capacity. Longmaxi shale, Sichuan Basin,
China. The figure is from [29].

6. Temperature and Pressure

In addition to the inherent properties of shales themselves, some external environmen-
tal factors, such as the pressure and temperature of shale reservoirs, also affect the occur-
rence and distribution of water, thus changing the methane adsorption capacity [35,89,94].
Li et al. (2020) studied the effects of different pressures on the methane adsorption capacity
of Longmaxi shale samples from the Pengshui Block, Guizhou, China, under dry and moist
(equilibrium moisture) conditions [202]. The results showed that with increasing pressure,
the difference in the methane adsorption capacity of the shales between dry and moist
conditions gradually decreased, and the reduction below 2.0 Mpa was twice that below
20.0 Mpa (Figure 10a). Huang et al. (2022) conducted a study similar to that of Li et al.
(2020) on Upper Ordovician shale samples from the western part of the Ordos Basin, China.
Their results showed that the ratio of methane adsorption capacity under moist conditions
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(equilibrium moisture) to that under dry conditions increased from 13.57% at 2.0 Mpa to
20.54% at 30 Mpa (Figure 10b), which also indicates that an increase in pressure can reduce
the influence of water on methane adsorption to some extent [203]. This may be because
it is difficult for methane to overcome the water resistance of water-bearing pores at a
low pressure, but these pores will be reconnected at a high pressure, which changes the
distribution of water in shale nanopore systems and weakens the influence of water on the
methane adsorption capacity.
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Figure 10. Effects of temperature and pressure on the methane adsorption capacity of shales under
dry and moist conditions. (a) The relationship between pressure and the reduction percentage of
the methane adsorption capacity of moist (equilibrium moisture) shale compared with dry shale.
The moisture contents are 2.05% and 4.20%, and the temperature is 333.15 K. The shale samples are
from the Longmaxi formation in the Pengshui Block, eastern Sichuan, China. The figure is from [202].
(b) The relationship between pressure and the percentage of the methane adsorption capacity of shale
containing equilibrium moisture relative to dry samples. The moisture content is 1.15%, and the
temperature is 303.15 K. Upper Ordovician shale from the western part of the Ordos Basin, China. The
figure is from [203]. (c,d) The relationship of temperature with the methane adsorption capacity and
adsorption phase density (pads) of shale under dry and moist (connate water) conditions, respectively.
Carboniferous coal-measure shale in the Yangquan block, Qinshui Basin, China. The figures are
modified from [39].

Similarly, an increase in temperature can also reduce the influence of water on methane
adsorption. Zou et al. (2019) studied the methane adsorption capacity of dry shales and
their moist (equilibrium moisture) samples (the shale samples were from the Perth Basin,
Western Australia) at different temperatures (35-60 °C) [204]. The data showed that there
was a negative correlation between the temperature and methane adsorption capacity
under both conditions. Han et al. (2021) calculated the difference in methane adsorption
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capacity between dry shale and sample with equilibrium moisture (the shale samples
were from the southeast part of Sichuan Basin, China), and it decreased gradually with
the increase in temperature from 30 °C to 80 °C [96]. Sun et al. (2022) systematically
studied the methane adsorption characteristics of coal-measure shale from the Yangquan
block, Qinshui Basin, China, under dry and moist (connate water) conditions at different
temperatures (30-75 °C) and also found that the temperature restricted the effect of water
on the methane adsorption capacity to a certain extent, and the differences in both the
methane adsorption capacity and adsorption phase density under dry and wet conditions
gradually decreased with the increasing temperature (Figure 10c,d) [39]. The reason for
this trend may be that the increase in temperature reduces the methane adsorption capacity
of all the adsorption sites, while water only affects the adsorption sites in inorganic pores
and some organic pores, such as those with oxygen-containing functional groups, and
the increase in temperature also releases some adsorption sites occupied by water, which
weakens the influence of the water [31,90,178,205].

Although both pressure and temperature have certain influences on the methane
adsorption of water-bearing shales, the effects are variable for shale gas reservoirs with
different burial depths. The proportion of adsorbed gas (the ratio of adsorbed gas to
total gas) in shale reservoirs is relatively high in a depth range of 500-2000 m, in which
it is greatly influenced by water. With the increase in the burial depth, the proportion of
adsorbed gas clearly decreases, and the influence of water also decreases. Deep and ultra-
deep shale gas is an important target for future exploration and development [206-208], but
the occurrence and distribution of water in high-temperature and -pressure environments
and its effect on adsorbed gas remain to be explored further.

7. Conclusions

In this paper, the main controlling factors and mechanisms of water adsorption in
shales and water’s effects on the methane adsorption capacity of shales or adsorbed gas
were reviewed. The adsorption capacity of shales for water and methane is not only
controlled mainly by their geochemical attributes, such as the organic matter properties
(including the TOC content, kerogen type and maturity), inorganic mineral composition
and pore characteristics, but also restricted by some external factors, such as pressure and
temperature, to a certain extent. A certain amount of water can be adsorbed in the organic
nanopores of shales, and with the increase in the TOC content, the influence of water on
the adsorption capacity of shales can be restricted to a certain extent. Under water-bearing
conditions, the TOC content of shales is still the main factor controlling their methane
adsorption capacity. In the low- and middle-mature stages, different types of kerogen or
macerals in shales have different chemical structures, especially oxygen-containing func-
tional groups, which lead to different hydrophilicities and methane adsorption capacities.
With increasing maturity, the functional groups of organic matter in shales are gradually
eliminated, the chemical structures tend to become similar, and a large number of organic
nanopores form in the high- and over-mature stages, resulting in a high capillary force,
which enables the organic matter to still absorb a small amount of water. Different mineral
components in shales have different adsorption capacities for water, especially in regard
to the hydrophilicity of different types of clay minerals. The strong hydrophilicity of clay
minerals is the main mechanism of water adsorption in shales, but even under saturated
adsorption water conditions, clay minerals still have a certain methane adsorption capacity.
The pore morphology, heterogeneity and pore size distribution of shales all have certain
effects on the water adsorption capacity. Compared with micropores and macropores,
adsorbed water tends to exist in mesopores, especially the mesopores of clay minerals.
Water competes with methane for specific adsorption sites, which leads to a decrease in
the methane adsorption capacity of shales with water. In addition, with the increase in
pressure and temperature, the influence of water on methane adsorption is weakened to
some extent.
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The occurrence and distribution of water and methane in the nanopores of shale reser-
voirs are the comprehensive results of various geological and geochemical factors, and the
related mechanism is complex. Therefore, a series of theoretical and practical problems still
need to be explored, including the following: the change in the hydrophilicity of organic
matter and clay minerals and its relationship with the evolution of their nanopore character-
istics during the thermal evolution of shales, especially the difference in methane adsorption
capacity between shales with different types of kerogen under water-bearing conditions;
the methane adsorption capacities of different types of clay minerals under water-bearing
conditions and their contribution to shale gas; and the competitive adsorption behavior
of water and methane in shale nanopores and its thermodynamic mechanism, especially
the evaluation and prediction of shale adsorption gas in the presence of non-hydrocarbon
gases (such as Ny and COy,). In addition, challenges also exist in determining the occur-
rence and distribution of gas and water in different types of nanopores and nanopores
of different sizes in shales, and we still lack an effective means and theoretical models to
test and predict the effect of water on methane adsorption under high-temperature and
high-pressure conditions. These issues are important directions for future research on shale
gas reservoir evaluation.
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