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oisture in deep gas-bearing shale
matrix and its impacts on methane adsorption/
desorption capability under favorable reservoir
conditions

Dengfeng Zhang, *abc Xuewei Cai,c Yi Xu,c Xing Tangc and Hanxing Suc

To comprehend impacts of moisture on exploring and producing shale gas, the rules of pseudo-in situ

moisture occurrence in deep shales were revealed through low-pressure N2 adsorption and desorption,

and CO2 adsorption measurements. The influences of pseudo-in situ moisture on CH4 adsorption/

desorption in the shales were explored at 353.15 K and pressures up to 30 MPa by using the volumetric

method. Results showed that the pseudo-in situ moisture content of the shales ranges between 0.57%

and 0.94%, which positively correlates with clay mineral content but negatively correlates with organic

matter and quartz. The clay minerals contribute more to moisture occurrence mainly via adsorption

effect. The pores with the diameters of 1.10–4.10 nm of the shales serve as dominant space for

accommodating moisture. Moreover, the pseudo-in situ moisture reduces saturated adsorption capacity

and isosteric adsorption heat of CH4 on the shales, suggesting the weakened adsorption affinity toward

CH4-shale system. Typically, the minor pseudo-in situ moisture could significantly weaken CH4

adsorption capability of the shales with low clay mineral content through blocking pore throats of

organic matter–hosted pores. However, the abundant pseudo-in situ moisture only slightly reduces CH4

adsorption capability of the shales with high clay mineral content due to continuous distribution of

organic matter–hosted pores. The aforementioned different roles are dominated by the difference in

occurrence characteristics of organic matter–hosted pores and clay mineral-hosted pores between the

shales with low clay mineral content and the shales with high clay mineral content. Furthermore, the

pseudo-in situ moisture strengthens CH4 adsorption/desorption hysteresis on the shales associated with

moisture uptake-induced clay mineral swelling, thereby raising difficulty for CH4 desorption from the

shales.
1 Introduction

Shale gas, an important category of unconventional natural gas,
is pivotal to reduce dependence on foreign oil and gas resources
and address environmental issues caused by massive
consumption of traditional fossil fuels for China.1,2 The key
component of shale gas is methane (CH4). It mainly occurs
within shale reservoirs in physisorption state in nano-scale
pores of organic matter and inorganic minerals,3 free state in
large-scale pores and fractures, and dissolution state in kerogen
or asphaltene.4–6 Among them, the volume fraction of in situ
physiosorbed CH4 always occupies 40–85% of the total shale gas
reserves.7,8 Thus, further knowledge on CH4-shale adsorption
s Enrichment Mechanisms and Effective

ail: plum0627@163.com

oration & Production, SINOPEC, Beijing

g University of Science and Technology,

the Royal Society of Chemistry
system is critical to reveal occurrence mechanism of shale gas,
thereby beneting its exploration and production.

Up to now, CH4-shale adsorption system has been well
investigated. Many studies indicate that adsorption capability
of shale matrix for CH4 depends on the critical physicochemical
properties of shale matrix and reservoir conditions such as
pressure and temperature. The former mainly comprises total
organic carbon (TOC) content, thermal maturity, inorganic
mineral compositions, and moisture.9 Concretely, organic
matter develops abundant nano-scale pores,10,11 particularly the
micropores with pore diameters below 2.00 nm, thereby serving
as main adsorption sites for CH4 molecules. Thus, the studies
on the Lower Silurian Longmaxi shales in the Sichuan Basin in
China,12 the Ordovician, Silurian, and Devonian shales in
Appalachia Basin in America,13 the Upper Triassic Yan-Chang
shales in Ordos Basin in China,14 the Devonian-Mississippian
Woodford shales in America,15 the Paleozoic shales in south
China,16 and the Cambrian shales in the Yangtze Platform in
China indicate the remarkably positive correlation between CH4
RSC Adv., 2023, 13, 29291–29307 | 29291
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adsorption capacity and TOC content.17 The impacts of thermal
maturity of shale matrix on CH4 adsorption are complicated.
Some studies found that the elevated thermal maturity of
organic matter could accommodate more adsorption sites,18,19

thereby increasing CH4 adsorption capacity normalized by TOC
on shale matrix. However, thermal maturity of shale reservoirs
increases with burial depth. As the reservoir depth increases,
the enhanced compaction could lead to negative impact of
thermal maturity on CH4 adsorption capacity of high or over-
mature shales through reducing adsorption space.20–22 Apart
from organic matter, shale matrix is abundant in various inor-
ganic minerals. Thereinto, the clay minerals, typically including
kaolinite, smectite, illite, and chlorite, contain plentiful
micropores, contribute greatly to CH4 adsorption on shale
matrix.23–26

Notably, there is always moisture existing in shale gas
systems. Moisture molecules are prone to occupy hydrophilic
clay mineral-hosted pores or block organic matter-hosted
pore throat.11,27,28 Under such situations, moisture could
take up adsorption sites or isolate pores from CH4.29 As
a result, even minor moisture with mass fraction of 0.72–
7.05% could remarkably decrease the saturated CH4 adsorp-
tion capacity of the shale samples derived from the Langmuir
model tting by 16.67–81.82%.30 It has been reported that CH4

and CO2 adsorption as single component or mixed gases
decreases with increasing amount of moisture in shales.31

Besides, given the striking effects of moisture on gas
adsorption in shales, many mathematical models including
the modied Langmuir model and the absolute adsorption
model have been developed to describe the CH4 adsorption on
wet shale samples.32–34

Despite those considerable efforts have been made on
occurrence rules of moisture in gas-bearing shales and their
impacts on CH4 adsorption, there still exist some critical
pending issues. One issue is that most studies on CH4 adsorp-
tion on dry or moist shales were conducted under mild pres-
sures (7–25 MPa) and temperatures (298.15–348.15 K).29,35–38

However, the practical reservoir temperature and pressure cor-
responding to dessert area of shale gas in China are always
greater than 353.15 K and 30 MPa, respectively.39 Thus, the
knowledge on CH4 adsorption capability of shales and its
correlation with moisture under favorable reservoir conditions
is required. More importantly, compared with widely studied
CH4 adsorption on shales, the insight to CH4 desorption capa-
bility of shales makes more sense to shale gas production as the
adsorbed gas can only be recovered aer desorption. However,
the inuence and mechanism of moisture on CH4 desorption
on shales are still unknown.

In order to bridge the aforementioned knowledge gap, the
occurrence rules of pseudo-in situ moisture in the deep shales
originated from the representative shale gas producing area
were revealed to explore the moisture effects on gas desorption
under more reasonable reservoir conditions. The pseudo-in situ
moisture dependence of adsorption/desorption capability of
shales under favorable reservoir conditions was also addressed.
Finally, the implications for shale gas exploration and produc-
tion were indicated.
29292 | RSC Adv., 2023, 13, 29291–29307
2 Experimental
2.1 Samples

The Fuling shale gas eld as the rst large-scale commercial
shale gas eld in China, has achieved cumulative production of
40 billion m3 as of October 8th, 2021. The main body of struc-
tural framework of this gas eld is affiliated to the Wufeng–
Longmaxi Formation shales in the Jiaoshiba area, Eastern
Sichuan Basin.12,40 Overall, the average TOC content of the
shales in this area is about 2.66%; the brittle mineral content
ranges between 65% and 79%; in addition, the average porosity
and gas content amount to 4.53% and 4.32 m3 t−1, respec-
tively.41 Given the aforementioned resource abundance and
hydraulic fracturing potential, a total of ve gas-bearing shale
samples with burial depth of 3812–3998 m were collected from
the Jiaoshiba area for this study. The samples were labelled as
K1, K3, K5, K7, and K10, respectively. In order to prevent
unexpected alterations in critical physicochemical properties
due to atmospheric oxidation, the collected shale samples were
stored in the plastic bottles and ooded with inert helium.

Previous study has indicated that the relative humidity (RH)
of 75% well approaches to the in situ shale reservoirs in the
Jiaoshiba area.35 Hence, the dry shale samples with particle
sizes of 120–180 mm placed in the desiccator loaded with satu-
rated sodium chloride (NaCl) solution were used to prepare the
moist shale samples. The detailed preparation procedures can
be found in ref. 42.

Themoisture content (CH2O) of thosemoist samples is given as:

CH2O ¼ m2 �m1

m1

� 100% (1)

in which m1 is the dry sample mass; m2 is the moist sample
mass.
2.2 TOC content measurement

According to the Standard GB/T19145-2003, the TOC content
was estimated by using the ELEMENTRAC CS-i analyzer (Eltra,
Germany). The inorganic carbon of the raw shale samples was
completely removed using hydrochloric acid (HCl). The treated
shale samples only containing organic carbon burned in the
oxygen (O2) atmosphere. The released CO2 amount was quan-
titatively detected by the analyzer. Accordingly, the TOC content
was estimated according to the CO2 amount. As shown in Table
1, the TOC content of all the shales falls into the range of 1.83–
5.47%, which agrees with previously reported range for the
shales in the Jiaoshiba area (0.46–7.13%).43 Furthermore,
according to the enacted technical standard,44 the samples K1,
K3, and K10 with TOC content above 4% are the ultra-high
organic matter-containing shales; the sample K5 with TOC
content range of 2–4% is the high organic matter-containing
shale; the sample K7 with TOC content range of 1–2% is the
middle organic matter-containing shale.
2.3 Mineral composition analysis

The non-clay and clay mineral compositions were estimated via
X-ray diffraction (XRD) analysis. The original X-ray diffraction
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05336a


Table 1 Geochemical parameters of deep shale samples, %

Sample TOC Quartz K-feldspar Plagioclase Calcite Dolomite Pyrite Clay minerals

Clay minerals

Illite Illite/smectite mixture Chlorite

K1 5.47 65.1 0.7 4.7 3.2 2.8 3.9 19.6 85 13 2
K3 4.68 57.4 1.2 4.5 2.4 4.0 7.4 23.1 81 15 4
K5 3.64 36.6 0.2 4.1 2.5 3.4 3.9 49.3 82 9 9
K7 1.83 40.0 1.9 7.2 3.2 2.4 3.0 42.3 74 14 12
K10 5.45 66.5 1.4 4.2 6.0 2.1 2.7 17.1 92 — 8

Fig. 1 X-ray diffraction patterns of deep shale samples, (a) the full spectrum, (b) the spectrum of natural air-dried piece, (c) the spectrum of
ethylene glycol-saturated piece, and (d) the spectrum of high temperature heating piece.
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spectra are shown in Fig. 1. Thereinto, the full spectrum was
analyzed to generate major types of non-clay minerals and the
relative contents of non-clay and total clay minerals. The
remaining diffraction spectra were used to identify clay mineral
types according to the difference in peak intensity and position
aer various treatments. The adopted standard, detailed
instrument parameters, characterizing procedures, and data
processing method can be found in ref. 6.

The results show that each shale sample is abundant in
quartz and clay minerals; additionally, the latter is predomi-
nated by illite (Table 1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4 Pore morphology observation

The Thermo Scientic Apreo 2 SEM loaded with a backscatter
detector was used to observe pore morphology of the shale
samples. The accelerating voltage and electron-beam current
were set as 5.00 kV and 0.40 nA, respectively. Additionally, the
Apreo 2 SEM was equipped with an energy-dispersive spec-
trometer (EDS) with accelerating voltage and electron-beam
current of 20.00 kV and 3.20 nA, respectively. Prior to observa-
tion, the argon ion polishing was performed to each shale
sample to obtain high-quality images.
RSC Adv., 2023, 13, 29291–29307 | 29293
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Fig. 2 Relative deviation of compressibility factor of CH4 obtained
from various types of equation of state.
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2.5 Pore structure characterization

According to pore diameter (D), the pores can be divided into
the micropores (D < 2.00 nm), the mesopores (2.00 nm < D <
50.00 nm), and the macropores (D > 50.00 nm).45 In this study,
the micro- and mesopores of the shales were quantitatively
analyzed due to their crucial roles in CH4 adsorption/desorption
and diffusion.46,47

The micropore parameters were estimated by adsorption
method using CO2 as probe molecule because of its superior
accessibility into ultramicro- and micropores of porous
media.8,48 The characterization was performed on the ASAP 2020
System manufactured by the Micromeritics, U.S.A. The micro-
pore surface area (Smicro) and volume (Vmicro) could be gener-
ated via the Dubinin–Radushkevich (D–R) model tting results
toward adsorption data at operation temperature of 273.15
Fig. 3 Physical property of shalematrix dependence of pseudo-in situmo
content.

Table 2 Pseudo-in situ moisture content of deep shale samples, %

Sample K1 K3 K5 K7 K10

CH2O 0.57 0.63 0.94 0.90 0.62

29294 | RSC Adv., 2023, 13, 29291–29307
K.49,50 The average micropore diameter (Dmicro) and differential
micropore volume distribution prole were obtained in accor-
dance with the Dubinin–Astakhov (D–A) model and the
nonlocal density functional theory (NLDFT),51 respectively.

The mesopore parameters were estimated through nitrogen
(N2) adsorption/desorption conducted on the NOVA 4200e
(Quantachrome, U.S.A.). Specically, the raw N2 adsorption/
desorption amounts were collected at the relative adsorption
equilibrium pressures (P/P0) of 0.009–0.990 at 77.00 K. Accord-
ingly, the mesopore surface area (Smeso) was obtained through
applying the Brunauer–Emmett–Teller (BET) model tting
toward the adsorption amounts in the P/P0 of 0.04–0.29.52 The
mesopore volume (Vmeso) was estimated from the Barrett–Joy-
ner–Halenda (BJH) model.53 Additionally, the differential mes-
opore volume distribution prole was generated by applying the
DFT combined with adsorption amounts.54

The aforementioned characterizations were conducted to the
dry and moist samples. It is noteworthy that the degassing
operated at the vacuum degree of 0.1325 Pa and the tempera-
ture of 333.15 K for 24.00 h was only performed to the dry
samples to completely remove residual moisture and gas. Thus,
the main space for accommodating H2O could be estimated
through comparing pore parameters of dry and moist shales.
2.6 CH4 adsorption/desorption measurement

The volumetric method was adopted to determine CH4

isothermal adsorption/desorption capacity of the shale
samples, mainly including leakage test, volume calibration,
adsorption, and desorption. The experimental system mainly
comprises pressure vessels i.e., reference vessel and sample
vessel, air oven, and pressure transducers.

The measured datum is dened as the Gibbsian surface
excess (GSE). As for CH4 adsorption, its incrementation in GSE
(mmol g−1) is:

DGSECH4
¼ 1

mRTiso

�
Pi;rvVrv

Zi;rv

þ Pi;svVv;rv

Zi;sv

� Pf ;rvVrv

Zf;rv

� Pf ;svVv;sv

Zf ;sv

�

(2)

in which m is the shale mass, g; R is the universal gas constant,
8.314 J mol K−1; Tiso is the isothermal adsorption/desorption
temperature; Pi,rv and Pf,rv are the initial and the nal equilib-
rium pressure of the reference vessel, respectively; Pi,sv and Pf,sv
are the initial and the nal equilibrium pressure of the sample
isture content, (a) TOC content, (b) quartz content, and (c) clay mineral

© 2023 The Author(s). Published by the Royal Society of Chemistry
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vessel, respectively; Vrv is the volume of the reference vessel; Vv,sv
is the void volume of the sample vessel containing sample, cm3;
Zi,rv, Zi,sv, Zf,rv, and Zf,sv are the compressibility factors of CH4

under the pressures of Pi,rv, Pi,sv, Pf,rv, and Pf,sv at the tempera-
ture of Tiso, respectively.

Repeating the above-mentioned measuring procedures by
boosting or reducing bulk pressure in the sample vessel, the
GSE corresponding to the nth measurement is:

GSEn ¼
Xn

i¼1

GSECH4
(3)

The GSE data reliability highly depends on the accuracy of
temperature, pressure, and compressibility factor as shown in
Fig. 4 CO2 adsorption isotherms on deep shale samples at 273.15 K, (a)

© 2023 The Author(s). Published by the Royal Society of Chemistry
eqn (2). Therefore, the air oven with the temperature control
accuracy below 0.10 K (UN450, Memmert, Germany) and the
two Super TJE transducers with limit of detection of 0.05% of
the full scale, i.e., 5000 psia (Honeywell, U.S.A.) were employed.
Moreover, the Wagner & Span equation of state (EoS) was
applied to generate CH4 compressibility factors.55 According to
previously reported, the Wagner–Span EoS is competent to
predict thermodynamic properties of CH4 within the tempera-
ture range from 270 to 350 K at pressures up to 30 MPa.55 In
order to demonstrate the superiority of this equation of state,
the relative deviation of compressibility factor (Z) dened as
(Zexp − Zcal)/Zexp of CH4 obtained from various types of EoS was
compared. It is found from Fig. 2 that the relative deviation of
compressibility factor calculated from the Wagner–Span EoS is
K1, (b) K3, (c) K5, (d) K7, and (e) K10.

RSC Adv., 2023, 13, 29291–29307 | 29295
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Fig. 5 N2 adsorption/desorption isotherms on deep shale samples at 77.00 K, (a) K1, (b) K3, (c) K5, (d) K7, and (e) K10.

Table 3 Pore structure parameters of deep shale samples

Sample State Smicro (m
2 g−1) Vmicro (cm

3 g−1) Dmicro (nm) Smeso (m
2 g−1) Vmeso (cm

3 g−1) Dmeso (nm)

K1 Moist 17.57 0.0070 1.51 14.83 0.022 6.16
Dry 17.70 0.0071 1.49 21.31 0.030 5.74

K3 Moist 14.12 0.0057 1.52 13.96 0.019 5.69
Dry 14.10 0.0057 1.51 18.96 0.027 5.74

K5 Moist 17.02 0.0068 1.52 14.76 0.024 6.74
Dry 16.55 0.0066 1.51 22.69 0.032 5.64

K7 Moist 11.45 0.0046 1.70 6.88 0.019 11.23
Dry 10.59 0.0042 1.66 14.69 0.025 6.75

K10 Moist 16.71 0.0067 1.50 15.87 0.025 6.36
Dry 16.17 0.0065 1.50 20.08 0.028 5.51

29296 | RSC Adv., 2023, 13, 29291–29307 © 2023 The Author(s). Published by the Royal Society of Chemistry
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extremely less than that calculated from the other ve types of
EoS. Thus, the Wagner–Span EoS is widely selected to calculate
compressibility factor and bulk density of CH4 in many
studies.56,57

Given that the sampling depth range of 3812–3998 m
corresponds to the burial depth of shale gas dessert area in the
Jiaoshiba area, the reservoir temperature of 353.15 K and
pressure of 30 MPa were adopted as the isothermal adsorption
temperature (Tiso) and the maximal adsorption equilibrium
pressure, respectively. In addition, each sample with mass of
about 140.00 g was used to reduce the void volume of sample
vessel to assure reliability of GSE data.

The analysis results of TOC content, inorganic mineral
compositions, pore structure parameters, and CH4 adsorption/
desorption capacity of the dry sample K1 were cited from our
previous study.6
Fig. 6 Differential pore volume distribution profiles of deep shale samp

© 2023 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 Pseudo-in situ moisture abundance

The pseudo-in situ moisture content of all the moist shales
ranges between 0.57% and 0.94% (Table 2). The moisture
content of shale matrix is highly dependent on organic matter
and inorganic minerals as previously indicated. Hence, the
correlation analysis was made in Fig. 3. Overall, the negative
correlation exists between pseudo-in situ moisture content and
TOC content (Fig. 3a) and quartz content (Fig. 3b), which highly
depends on strong hydrophobicity of organic matter and
quartz.58–60 Oppositely, the clay minerals favor moisture occur-
rence (Fig. 3c). The clay minerals such as illite with high cation
exchange capacity own strong hydrophilicity.61 Thus, they can
combine H2O molecules via hydration of exchangeable cationic
within the interlamellar space of clay minerals.62 Additionally,
the micropores within the interlamellar space, the interparticle
les, (a) K1, (b) K3, (c) K5, (d) K7, and (e) K10.
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mesopores, and the macropores between clay aggregates could
accommodate H2O molecules.62 Hence, the positive effect of
clay minerals on moisture occurrence in shale matrix is widely
acknowledged.27,63
Fig. 7 Illustration of moisture occurrence in shale matrix.
3.2 Pore space accommodating pseudo-in situ moisture

The adsorption force eld overlap occurring in micropore space
could strengthen adsorbate–adsorbent interactions, thereby
leading to remarkable increase in adsorption capacity even at
low equilibrium pressure.51 Therefore, the pattern of the CO2

adsorption isotherms displayed in Fig. 4 indicates that all the
shale samples are abundant in micropores. The minor alter-
ations found for the dry and moist shale samples imply that the
micropores may not be the dominant pore space for accom-
modating the pseudo-in situ moisture.

Based on the classication criteria recommended by the
Brunauer–Deming–Deming–Teller method,64 all the N2

adsorption isotherms displayed in Fig. 5 belong to Type IV.
Despite that the pseudo-in situ moisture does not alter the
adsorption mechanism of N2 on the shales, it notably shis
down the adsorption/desorption isotherms for all the dry
shales. This changing trend conrms that majority of the pores
characterized by N2 adsorption/desorption method are occu-
pied by the pseudo-in situ moisture. Moreover, the hysteresis
phenomenon, i.e., separation between adsorption branch and
desorption branch associated with capillary condensation of N2

molecules in mesopore space,65 exists for all the shales.
According to the correlation between pore shape of porous
media and hysteresis loop type,45 all the hysteresis loops belong
to Type H4, probably indicating abundant narrow slit-like pores
in the dry and moist shales.

As for each shale sample, the pseudo-in situmoisture cannot
alter its micropore parameters (Smicro, Vmicro, and Dmicro) but
obviously reduce the mesopore surface area and volume (Table
3). To further reveal dominant pores of the deep gas-bearing
shale samples for pseudo-in situ moisture occurrence, the
differential micro- and mesopore volume distribution proles
obtained from the CO2 adsorption data and the N2 adsorption
data, respectively, are plotted in Fig. 6. The difference found in
the proles clearly indicates that the pores with diameters of
1.10–4.10 nm dominate the pseudo-in situ moisture occurrence
for each shale sample. Both organic matter, kerogen in partic-
ular, and clay minerals contribute to formation and evolution of
pores of shale matrix.66–68 Currently, the micropore parameter
analysis toward the natural and organic matter-free shales by
using CO2 adsorption method suggests that organic matter–
hosted pores rather than clay mineral-hosted pores contribute
more to the pores with diameters below 1.10 nm.69 Other
studies also indicate that the organic matter and clay minerals
mainly dominate micro- and mesopore development,
respectively.70–72 Meanwhile, the organic matter of all the deep
gas-bearing shales tested in this study exhibits strong hydro-
phobicity as veried by the negative correlation displayed in
Fig. 3a. The combination of these two points could explain the
unnoticeable alterations in distribution proles with pore
diameters less than 1.10 nm between the dry and moist shale
29298 | RSC Adv., 2023, 13, 29291–29307
samples (Fig. 6). Moreover, it is found from Table 3 and Fig. 6c
and d that the pseudo-in situ moisture signicantly alter the
pore structure of the samples K5 and K7 with the higher clay
mineral content (Table 1). Such agreement demonstrates the
positive effect of clay minerals on moisture occurrence.
Furthermore, the moisture occurrence in shale matrix mainly
comprises adsorbed moisture, water clusters, and condensed
water.30 As illustrated in Fig. 7,30 the moisture adsorption oen
occurs in micropores and partial mesopores with small diam-
eters at low relative humidity; the water clusters formed due to
hydrogen bond interactions between adjacent water molecules
are formed at medium relative humidity;73 the water conden-
sation only occurs in macropores with preferable sites at high
relative humidity.60 Therefore, in accordance with the relative
humidity determined for preparing moist shale samples and
pore diameter range alterations, the pores with diameters of
1.10–4.10 nm are most likely the dominant interaction space
between the pseudo-in situ moisture and the shales. The
aforementioned moisture occurrence mechanism also explains
the unchanged distribution proles within diameters between
4.10 nm and 34.00 nm.
3.3 Inuences of pseudo-in situmoisture on CH4 adsorption
equilibrium

Fig. 8 displays the GSE adsorption isotherms at the favorable
reservoir conditions. All the isotherms display a maximum in
the adsorption amount with rising pressure. The maximum
pattern and the reason for that have been widely reported.74–76

The pseudo-in situ moisture notably reduces CH4 adsorption
capacity for each dry shale. In order to quantitatively explore the
aforementioned negative impact, the Ono–Kondo (O–K) lattice
theory with advantages of predicting adsorption equilibrium
behaviors of various uids under reservoir conditions was
employed in this study.57,77 This model is derived based on
thermodynamic equilibrium theory with the following linear
form:56
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Experimentally-observed and the O–K lattice model fitting CH4 adsorption isotherms on deep shale samples at 353.15 K, (a) K1, (b) K3, (c)
K5, (d) K7, and (e) K10.

Table 4 The O–K lattice modelling results for CH4 adsorption on
deep shale samples

Sample State am (mmol g−1) 3A (kJ mol−1) ARE (%) R2

K1 Moist 0.0512 −1.08 × 10−20 2.92 0.9986
Dry 0.0811 −1.42 × 10−20 4.94 0.9984

K3 Moist 0.0532 −1.13 × 10−20 1.82 0.9995
Dry 0.1078 −1.33 × 10−20 4.02 0.9990

K5 Moist 0.0595 −8.91 × 10−21 2.48 0.9981
Dry 0.0605 −1.47 × 10−20 1.83 0.9989

K7 Moist 0.0279 −7.83 × 10−21 4.63 0.9917
Dry 0.0284 −1.35 × 10−20 6.33 0.9953

K10 Moist 0.0650 −1.15 × 10−20 4.55 0.9972
Dry 0.0771 −1.21 × 10−20 4.07 0.9979
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rb

GSE
¼ rbrmax

2am½1� expð3A=kTÞ�ðrmc � rbÞ
þ rmc expð3A=kTÞ

2am½1� expð3A=kTÞ�
(4)

where rb is the bulk phase density of CH4 determined via the
Wagner & Span equation of state as previously stated; rmc is the
adsorption phase density. Up to date, several methods have
been proposed to determine the adsorption phase density of
CH4, such as the van der Waals density,78 the intercept method
and the liquid density of CH4 at the boiling point (−161.5 °C)
and standard atmospheric pressure (101.325 kPa), i.e.,
0.421 g cm−3.79,80 Our previous study claimed that the value of
0.421 g cm−3 rather than the other values could generate good
tting results toward experimental adsorption isotherms.75
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 29291–29307 | 29299
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Fig. 9 Saturated adsorption capacity of CH4 on deep shale samples.
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Therefore, as widely reported,12,33,81 0.421 g cm−3 was also
assigned to the adsorption phase density of CH4 in our study. k
is the Boltzmann's constant, i.e., 1.38 × 10−23 J mol−1 K−1; T is
the adsorption temperature; am is the monolayer adsorption
capacity; 3A is the interaction energy toward adsorbate–
adsorbent.

The model tting isotherms displayed in Fig. 8, the average
relative errors (ARE) and the multiple correlation coefficients
(R2) summarized in Table 4 prove the applicability of the O–K
lattice model to the GSE adsorption isotherms of CH4 on both
dry and moist shales under high temperature and pressure
conditions. Notably, the adsorption temperature (353.15 K) and
Fig. 10 Illustration for negative impacts of pseudo-in situ moisture on C

29300 | RSC Adv., 2023, 13, 29291–29307
the maximal adsorption equilibrium pressure (30 MPa) are far
above the critical temperature (190.55 K) and critical pressure
(4.59 MPa) of CH4.82 Therefore, the CH4-shale is a supercritical
adsorption system, which is provided with the two adsorption-
layer pattern.77 The saturated adsorption capacity (n0) ob-
tained from eqn (5) for each shale is listed in Fig. 9.

n0 = 2am (5)

Overall, the pseudo-in situ moisture reduces the saturated
CH4 adsorption capacity of the dry shales by 1.65–50.64%. The
aforementioned negative impacts of the pseudo-in situmoisture
can be divided into the following two mechanisms through
combining Table 2 and Fig. 9. In general, the organic matter–
hosted pores instead of the clay mineral-hosted pores of shale
matrix own stronger adsorption affinity to CH4 molecules.74

Thus, the adsorbed CH4 molecules are prone to occupy the
organic matter–hosted pores. As for the samples K1, K3, and
K10 with relatively lower pseudo-in situ moisture content, the
moisture occurrence signicantly reduces the saturated CH4

adsorption capacity by 15.69–50.64%. It is deduced that the
organic matter-hosted pore throats of these shale samples could
be blocked by water molecules,36,60 therefore remarkably weak-
ening CH4 adsorption capability (Fig. 10a). Oppositely, the
pseudo-in situ moisture mainly occurs in the clay minerals of
the samples K5 and K7 with relative high clay mineral content
(Table 1). The moisture cannot affect the organic matter–hosted
pores mainly accommodating adsorbed CH4 molecules. Thus,
even high pseudo-in situ moisture content only decreases the
H4 adsorption on shale matrix.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM images of surface morphology of deep shale samples.

Fig. 12 Isosteric adsorption heat of CH4 on deep shale samples.
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saturated CH4 adsorption capacity of the samples K5 and K7 by
1.65–1.76% (Fig. 10b). The aforementioned mechanisms can be
veried by the difference in surface morphology between the
shales with low clay mineral content and the shales with high
clay mineral content. As displayed in Fig. 11, all the shale
samples comprise few organic matter and majority of inorganic
minerals. Among them, the organic matter of the samples K1,
K3, and K10 sparsely and unevenly disperses within the matrix
in the form of small aggregates, where develop abundant
organic matter hosted-pores and fractures. Moreover, those
organic matter usually coexists with inorganic minerals, clay
minerals in particular. Considerable organic matter ll frac-
tures formed by inorganic minerals. Overall, uid accessibility
and migration within organic matter–hosted pores of the
samples K1, K3, and K10 are signicantly affected by the clay
mineral hosted-pores. Unlike the aforementioned shale
© 2023 The Author(s). Published by the Royal Society of Chemistry
samples, the organic matter containing in the samples K5 and
K7 continuously distributes within the matrix as massive
aggregates with width up to approximately 60 mm. Thus, the
moisture occurrence in the clay mineral-hosted pores of the
samples K5 and K7 do not show distinct impacts on CH4

adsorption on the organic matter–hosted pores.
Moreover, the isosteric adsorption heat (q0) characterizing

adsorption thermodynamics can be obtained from eqn (6).57 As
shown in Fig. 12, the isosteric adsorption heat of CH4 of the dry
shale is greater than that on the moist shales. Thus, the
decreasing isosteric adsorption heat implies that the pseudo-in
situ moisture weakens the adsorption affinity toward CH4-shale
system.

q0 = qv − 3ANA (6)

where qv is dened as vaporization enthalpy for CH4 is
8.15 kJ mol−1 corresponding to boiling point and standard
atmospheric pressure;57 NA is the Avogadro's constant.
3.4 Roles of pseudo-in situ moisture in CH4 adsorption/
desorption hysteresis

The knowledge on CH4 desorption rather than its adsorption
should be given more priority to guide shale gas production.
Hence, the impacts of pseudo-in situ moisture on CH4 desorp-
tion capability of shale samples are also investigated. The
adsorption/desorption hysteresis is found for all the CH4-shale
systems (Fig. 13). Furthermore, the pseudo-in situ moisture
strengthens hysteresis for all the dry shales. To denitely
address the impacts, the hysteresis index (HI) is employed in
this study. The absolute adsorption isotherm representing
actual adsorption amount derived from eqn (7) is shown in
Fig. 14. Aerward, the hysteresis index for all the shales can be
calculated from integral areas corresponding to absolute
adsorption/desorption isotherms as indicated in eqn (8).6,83
RSC Adv., 2023, 13, 29291–29307 | 29301
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Fig. 13 GSE adsorption/desorption isotherms of CH4 on deep shale samples at 353.15 K, (a) K1, (b) K3, (c) K5, (d) K7, and (e) K10.
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nabs ¼ GSE

1� rb

ra

(7)

where ra is the adsorption phase density of CH4, which can be
given as 0.421 g cm−3 as previously stated.

HI ¼ Sdes � Sads

Sads

� 100% (8)

in which Sdes and Sads are the integral areas corresponding to
desorption and adsorption isotherms, respectively (Fig. 15). The
difference between Sdes and Sads is the hysteresis area (Shys).

The comparison in the hysteresis index listed in Table 5
shows that the pseudo-in situmoisture signicant increases the
adsorption/desorption hysteresis of CH4 on the dry samples, the
29302 | RSC Adv., 2023, 13, 29291–29307
sample K1 in particular. Currently, the capillary condensation
theory is always used to interpretate hysteresis phenomenon,
especially for N2 adsorption/desorption on various porous
media.84 However, the operating temperature far above the
critical temperature of CH4 as previously indicated cannot make
CH4 be liqueed. Therefore, the capillary condensation theory
cannot address the hysteresis found in this study. Instead, the
hysteresis is probably relevant to uid uptake-induced swelling
of clay minerals. As for the dry shales, the adsorption of CH4

could induce matrix swelling.85 The resultant narrowed pore
throat goes against CH4 desorption (Fig. 16b), thus leading to
adsorption/desorption hysteresis of CH4 on the dry shales.
When it comes to the moist shales, the pores with the diameters
of 1.10–4.10 nm of the hydrophilic clay minerals contained in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Absolute adsorption/desorption isotherms of CH4 on deep shale samples at 353.15 K, (a) K1, (b) K3, (c) K5, (d) K7, and (e) K10.
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the deep shales mainly accommodate the pseudo-in situ mois-
ture as stated in Sections 3.1 and 3.2. The occurrence of pseudo-
in situ moisture is also capable of inducing swelling of clay
minerals, which mainly comprises crystalline swelling and
osmotic swelling.86 The detailed interpretation regarding the
mechanism of the above-mentioned swelling can be found in
ref. 87 and 88. It is noteworthy that H2O uptake instead of CH4

adsorption could induce more remarkable swelling of clay
minerals. Hence, the pore throat could become highly narrowed
(Fig. 16d), which could further raise difficulty to CH4 desorption
from moist shale matrix. Therefore, the adsorption/desorption
hysteresis of CH4 on the moist samples tends to be more
pronounced.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4 Insights into shale gas exploration
and production

Considering the critical role of adsorbed gas in shale gas
systems, gas adsorption and desorption capacities are of great
importance for gas storage evaluation and production. As there
is always moisture existing in shale gas reservoirs, it is necessary
to understand the effects of moisture on the adsorption and
desorption of CH4 in shales. Depending on the moisture effect
on gas adsorption, the gas adsorption capacity under in situ
conditions can be estimated reliably. Particularly, the current
volumetric method or gravimetric method for estimating CH4

adsorption amount on moist shale matrix ignores the potential
RSC Adv., 2023, 13, 29291–29307 | 2930
3
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Table 5 Hysteresis index of adsorption/desorption of CH4 on deep
shale samples

Sample State Sads Sdes HI (%)

K1 Moist 1.68 2.01 19.64
dry 3.35 3.41 1.79

K3 Moist 1.86 2.23 19.89
Dry 4.15 4.42 6.51

K5 Moist 1.64 1.91 16.46
Dry 2.59 2.72 5.02

K7 Moist 0.67 0.82 22.39
Dry 1.12 1.23 9.82

K10 Moist 2.25 2.58 14.67
Dry 2.75 2.94 6.91

Fig. 16 Illustration for roles of pseudo-in situ moisture in CH4 adsorptio

Fig. 15 Illustration for calculating hysteresis index.

29304 | RSC Adv., 2023, 13, 29291–29307
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interference of moisture migration during the measurement on
data reliability. Currently, the terahertz wave has been demon-
strated as a competitive noncontact spectroscopic technique to
monitor trace moisture. Fan et al. indicate that the limit of
detection of moisture reaches 62 ppm under the atmosphere of
CH4 with pressure of 10 MPa via terahertz wave.89 Hence, the
integration of terahertz wave into current volumetric method or
gravimetric method could become a novel and effective option
to calibrate CH4 adsorption capacity of moist shales.

Moreover, the occurrence of moisture in shale not only
explains how the moisture impairs the gas adsorption but also
gives insights into the moisture effect on gas transport, which
is meaningful for shale gas recovery. On the other hand, the
moisture effect on gas desorption claries the low contribu-
tion of adsorbed gas to gas production. Meanwhile, it suggests
promising methods to improve the adsorbed gas recovery. For
instance, microwave irradiation is expected to serve as an
auxiliary technology to existing hydraulic fracturing to high-
efficiently produce shale gas. Concretely, microwave with
frequency range of 0.3–300 GHz is hopeful to eliminate
negative impacts of moisture on shale gas production.
Microwave irradiation is highlighted in volumetric and selec-
tive heating.90 The liquid moisture molecules own strong
electric dipoles with dipole moment of 2.3–3.1 D.91–93 There-
fore, the dipoles in moisture molecules could rotate in ultra-
high frequency under alternating electric eld induced by
microwave energy,94 thereby further leading to rapid temper-
ature rising of moisture molecules. Accordingly, microwave
irradiation is capable of draining reservoir moisture and
eliminating its negative impacts on CH4 desorption found in
this study as well as the moisture-induced blocking effect and
the Jamin effect.67 Consequently, microwave irradiation as an
auxiliary technology to hydraulic fracturing could be employed
to secondary shale gas production.
n/desorption hysteresis on shale matrix.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5 Conclusions

The occurrence of moisture in deep gas-bearing shale matrix
and relevant inuences on CH4 adsorption/desorption capa-
bility under favorable reservoir conditions were studied. The
conclusions obtained from this study are as follows.

(1) The pseudo-in situ moisture content of all the shales falls
into the range of 0.57–0.94%. The positive correlation exists
between pseudo-in situ moisture content and clay mineral
content, while the opposite correlation is found for total organic
carbon content and quartz content.

(2) The clay minerals rather than organic matter of shale
matrix contribute greatly to moisture occurrence. The pores
with the diameters of 1.10–4.10 nm of shale matrix serve as the
dominant space for pseudo-in situ moisture accommodation.

(3) The minor pseudo-in situ moisture could remarkably
weaken CH4 adsorption capability of the shales with low clay
mineral content through blocking pore throats of organic
matter–hosted pores. Oppositely, the abundant pseudo-in situ
moisture only slightly reduces CH4 adsorption capability of the
shales with high clay mineral content due to continuous
distribution of organic matter–hosted pores.

(4) The pseudo-in situ moisture strengthens adsorption/
desorption hysteresis of CH4 on shale matrix owing to mois-
ture uptake-induced clay mineral swelling. Therefore, pseudo-in
situ moisture could raise difficulty for CH4 desorption from
shale matrix.
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