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ABSTRACT

Understanding methane adsorption behavior on deep shales is crucial for estimating the original gas in place and enhancing gas recovery in
deep shale gas formations. In this study, the methane adsorption on deep shales within the lower Silurian Longmaxi formation from the
Sichuan Basin, South China was conducted at pressures up to 50 MPa. The effects of total organic carbon (TOC), temperatures, clay
minerals, and moisture content on the adsorption capacity were discussed. The results indicated that the methane excess adsorption on deep
shales increased, then reached its peak, and finally decreased with the pressure. The excess adsorption data were fitted using the adsorption
models, and it was found that the Dubinin-Radushkevich (D-R) model was superior to other models in predicting the methane adsorption
behavior. The methane adsorption capacities exhibited strong positive correlations with the TOC content and negative relationships with
clay minerals. The methane excess adsorption decreased with the temperature, while the opposite trend would occur once it exceeded some
pressure. The presence of the moisture content on deep shales sharply decreased the methane adsorption capacities, and the reduction of the
adsorption capacity decreased with the pressure. The moisture would occupy the adsorption sites in the shale pores, which could result in
the methane adsorption capacity that decreased.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054486

I. INTRODUCTION

With the increasing demand for natural gas resources in China,
shale gas is the most important field to realize the rapid production of

distributed in the southeast, south, and north of Sichuan.”* The deep
shale gas formations are characterized by high pressure, high in situ
stress, and strong plasticity, and there exist some difficulties in well

5,6

natural gas from now on."” Deep shale gas resources in China are
abundant and owning an immense potential for exploitation, which is
becoming a key area for shale gas production in the future. According
to the statistics, shale gas resources of China in place are estimated to
144.5 x 10> m> and the recoverable resources are 36.1 x 10'2 m?>,
respectively, while the deep shale gas resources buried below 3500 m
account for more than 65%.” The Sichuan Basin is one of the major
shale-gas-producing areas in China, and the shale gas resources at
the depth of no more than 4500 m are 16.3 x 10'* m’, including
112 x 10'? m? at the depth of more than 3500 m, which are mainly

completions and volume fracturing in horizontal wells for shale gas.
Therefore, accelerating the exploration and development of deep shale
gas resources is of great strategic significance for relieving the contra-
diction between supply and demand of natural gas in China and opti-
mizing energy structure.

Compared with conventional gas reservoirs, the shale gas reser-
voir itself was both the generating source and the storing place of shale
gas.” Generally, there existed three types of stored shale gas in the shale
formation: free gas in fractures and pores, adsorbed gas on organic
matter and clay minerals, and dissolved gas in the liquid hydrocarbon
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and water.”” The total shale gas-in-place (GIP) estimated by summing
these three components was an important parameter for the economic
assessment in shale gas formations. Ambrose et al.'” suggested that the
contribution of adsorbed gas to the total GIP in shales was as much as
20%-85% in shale gas formations. Consequently, understanding the
methane adsorption behavior in shales is essential for the accurate
assessment of shale gas formations. In recent years, there were a large
number of experimental studies on methane adsorption in shales.
Rexer et al.'' studied the methane adsorption on a dry, organic-rich
Alum shale sample at pressures up to 14 MPa. Merkel et al.'” observed
the dry and moisture-equilibrated shale samples from the Midland
Valley Basin, Scotland at 45°C and up to 25 MPa. Jiang et al”” mea-
sured the methane adsorption capacity on terrestrial shale from the
Yanchang formation in the Ordos Basin, China under geological con-
ditions up to 25MPa and 70°C. Wang et al."* performed methane
adsorption experiments at pressures up to 12 MPa and 313K on dry
and moisture-equilibrated shales from the Qaidam Basin, China. Qi
et al"” measured methane adsorption isotherms between 30°C and
80 °C for pressures up to 20 MPa for three shale samples from Sichuan
Basin in China. Hu and Mischo'® conducted methane adsorption
capacities on shales in the South China between 40 °C and 100°C at
30 MPa. However, the maximum pressure of the above investigations
on methane adsorption was less than 40 MPa, which was far below the
reservoir pressure of deep shale formations. Since the deep shale for-
mations are buried at a depth of more than 3500 m, the reservoir pres-
sure of practical shale formations exceeds 40 MPa.'” The detailed
methane adsorption characteristics in deep shale gas reservoirs under
high pressure are lacking and many uncertainties exist in the process.
Therefore, it is extremely necessary to understand the behavior of
high-pressure methane adsorption on deep shales so as to estimate the
shale GIP and enhance gas productivity in deep shale formations.
Many adsorption theories and models have been developed to
characterize and understand the methane adsorption behavior for
shale gas reservoirs. The classical Langmuir model was mainly used to
fit the adsorption isotherm data, and then can calculate the shale-
adsorbed gas under shale reservoir conditions.® However, many
scholars have found that the Langmuir model could not always
well describe the adsorption behavior in deep shales under the
high-pressure conditions.”*” The main reason was that the critical
temperature and pressure of methane are —82.5°C and 4.59 MPa,
respectively, and the methane adsorption in shales was supercritical
under shale formation conditions.”’ Considering the supercritical
adsorption characteristics, some supercritical adsorption models have
been proposed to describe the high-pressure adsorption in shales,
including modified-Langmuir (M-L), Langmuir-Freundlich (L-F),
simplified local-density (SLD), Dubinin-Radushkevich (D-R), and
Dubinin-Astakhov (D-A) models.”> ** Zhou et al.”* suggested that
the methane adsorbed on shales can be estimated more reliably using
the D-R model than the M-L model. Chareonsuppanimit et al.”* indi-
cated that the SLD was used to describe the high-pressure adsorption
behavior on shales, and there existed the experimental uncertainties in
gas-specific and adsorbent-specific parameters. Li et al.”® considered
that the M-L model, the L-F model, and the D-A model all had their
advantages, and their calculated values were well consistent with the
measured data. It can be argued that the determination of methane
adsorption model adsorption on shales under high pressure is chal-
lenging, and many uncertainties still exist in the process. Therefore, it
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is extremely necessary to determine the adsorption model on shales
under the high-pressure condition so as to understand supercritical
methane adsorption of shales in shale reservoir formations.

In this study, the high-pressure methane adsorption on deep
shales from the lower Silurian Longmaxi formation in the Sichuan
Basin, South China was performed using the volumetric method under
different temperatures and at pressure up to 50 MPa. The high-
pressure methane adsorption behavior of deep shales was analyzed
and the excess/absolute adsorption was discussed. Four common
adsorption models were used to fit the experimental data and illustrate
the adsorption isotherms, including the M-L, L-F, D-R, and D-A
models. Furthermore, the effects of temperatures, clay minerals, and
moisture on high-pressure methane adsorption on deep shales were
investigated, respectively.

Il. EXPERIMENTAL MATERIALS AND METHODS
A. Shale samples

Six shale samples used in this study were obtained from different
sites within the lower Silurian Longmaxi formation from the Sichuan
Basin, South China, which ranged from 3873.92 to 4035.89 m, and
these deep shales are illustrated in Fig. 1. The lower Silurian Longmaxi
formation in the Weiyuan and Changning area was dominated by
black argillaceous shales with a stable thickness between 10 and 60 m,
which was composed of the lower member and the upper member.”
The vitrinite reflectance varies from 2.3% to 2.8% and the total organic
carbon (TOC) content ranges from 2% to 6%. Before the measure-
ments, all the shale samples were crushed into the 40-100 mesh size
powder and sieved to select different grain sizes. The different grain-
size shale samples were first placed in a drying oven at 105°C (24 h),
and then cooled to room temperature in a vacuum desiccator. Parts of
grain-size shale samples were used for the shale chemical-physical
characterization, and others were used for the high-pressure methane
adsorption.

B. Measurements and experiments

To determine the TOC contents, the shale samples were crushed
to pass through the <250 um sieve. The TOC and total inorganic car-
bon (TIC) analyses were then measured on the <250 um shale sam-
ple’s fraction with a Shimadzu TOC-VCPH. The x-ray diffraction
(XRD) was obtained using a Bruker D8 ADVANCE diffractometer
with Cu Ko x-rays (1.5406 A) at 40kV and 40 mA. The 26 scan range
was between 3° and 45° with a step size of 0.02° and an increased rate
of 2°/min. The pore size distribution of the shales was achieved using
low-pressure N, adsorption/desorption at 77 K with a relative pressure
(P/P,) between 0.01 and 0.995 on a porosimetry system (NOVA3200e,
Quantachrome USA). Each shale sample was crushed and sieved to
selected the 250-500 um and then outgassed at 110°C for 24h to
remove bound water and residual gases. The N, adsorption data from
P/Py=0.05-0.35 were selected to determine the specific surface area
(Sper) with the Brunauer-Emmett-Teller (BET) method.” The total
pore volume (V) was obtained at a relative pressure of 0.995, and the
average pore diameter was determined from 4 V/Sgpr.”

The methane adsorption measurements were carried out on the
shale samples with a 3H-2000PH adsorption equipment at pressures
up to 51 MPa and temperatures of 313 and 333 K, and the schematic
diagram of the equipment is illustrated in Fig. 2. In this study, the
methane adsorption experiments were conducted on the crushed shale
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samples with the grain sizes from 40 to 100 mesh at 313K
Approximately 130 g of the crushed shale samples was used for each
experiment, and the high-purity (99.99%) methane was injected in the
experiments. The first point was the vacuum and the equilibrium time
of each pressure point less than 10 MPa was set as 2 h, while the equi-
librium time of each pressure point more than 10 MPa was 4 h so as to
ensure the pressure stability in the methane adsorption. The highest
experimental pressure point was about 50 MPa and there were more
than 10 experimental data points. After the experiment at 313 K was
completed, the experiment of methane adsorption on the shale sam-
ples at 333 K was performed. To evaluate the experimental repeatabil-
ity, the methane adsorption measurement was repeated on the wet
condition at 333 K for each sample.

ARTICLE scitation.org/journal/phf

FIG. 1. Deep shales from various sites
within  the lower Silurian Longmaxi
formation.

lll. MODELING
A. Excess and absolute adsorption

Since the critical temperature and pressure of methane are
—82.5°C and 4.59 MPa, respectively, the methane adsorption on deep
shales was supercritical when they exceed the critical state. On the con-
ditions of the experimental pressure and temperature, the adsorption
amount measured is the so-called excess adsorption amount, and the
excess adsorption amount is significantly smaller than the correspond-
ing absolute adsorption amount.””" The absolute adsorption amount
of methane can be written as a function of the excess adsorption
amount as

Nabp = nex/(l - pg/pa)7 (1)

E\Daan

N1

Booster
pump

Methane Helium

pump

Vacuum

Reference cell Sample cell

Temperature bath
T=constant

FIG. 2. Schematic diagram of the high-pressure methane adsorption on deep shales.

Phys. Fluids 33, 063103 (2021); doi: 10.1063/5.0054486
Published under an exclusive license by AIP Publishing

33, 063103-3


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

where n,, and e are the absolute and excess adsorption amounts,
respectively; p, is the bulk gas density of methane, which can be
obtained from the Soave-Redlich-Kwong equation;”” and p, is the
adsorbed gas density of methane.

B. Adsorption models
1. Modified-Langmuir (M-L) model

Based on the assumptions that a monolayer of adsorbate occurs
on the specific homogeneous sites of the solid adsorbent, the
Langmuir adsorption model proposed by Langmuir was used to
describe the gas and vapor adsorption in microporous solids.” The
Langmuir adsorption model can be expressed as follows:

n LP
Hap = ——, 2
ab P+ P ( )
where 7y is the maximum absolute amount of the monolayer adsorp-
tion; p and p;, are the adsorption pressure and the Langmuir pressure,
respectively; and the remaining parameters are the same as above.
According to the definition of Gibbs adsorption,' the M-L excess
adsorption model can be written as follows:
n LP

Nex = P, +P (l - pg/pa)' (3)

2. Langmuir—Freundlich (L-F) model

Considering the heterogeneity of adsorption sites in the adsorb-
ents, Sips™* proposed the L-F model extended from the Langmuir
model, and the L-F adsorption model can be described as follows:

_ m(bp)”
IREICE

where b is the Langmuir pressure constant, m is the coefficient of
adsorption uniformity, and the remaining parameters are the same as
above.

By substituting Eq. (4) into Eq. (1), the L-F excess adsorption
model can be written as follows:

n(bp)”

Nex :W(l — Pg/Pa)- (5)

)

Nab

3. Dubinin-Radushkevich (D-R) model

On the basis of the Polanyi adsorption potential theory, the D-R
model developed by Dubinin was used to qualify gas adsorption on
microporous solids, which has been widely applied to characterize the
micropore-rich materials.”® The D-R adsorption model can be
expressed as follows:

o)
gy = noexpl —D {ln (—“)} , (6)
Pg

where 7 is the maximum absolute adsorption amount, D is the pore
structure parameter, and the remaining parameters are the same as
above.

scitation.org/journal/phf

By substituting Eq. (6) into Eq. (1), the D-R excess adsorption
model can be written as follows:

e = noexp{_p{m (;;_Z)r} (=pfp) O

4. Dubinin-Astakhov (D-A) model

On the basis of the adsorption potential theory, the D-A) model
was proposed by Dubinin and Astakhov to model Type I adsorption
isotherms, which provided an appropriate description of the adsorp-
tion phenomena occurring in the micropores.”” The D-A adsorption
model can be expressed as follows:

oG
hos = moesp _D[zn(_a)} } ®
Pq

where k is the structural heterogeneity parameter and the remaining
parameters are the same as above.

By substituting Eq. (8) into Eq. (1), the D-A excess adsorption
model can be written as follows:

o — noexp{D E (g;)r} (=-pfr).  ©

IV. RESULTS AND DISCUSSION
A. Characterization of shale properties

The burial depth of these deep shale samples is over 3500 m,
where the maturity of the gas shale reaches the overmature stage. The
TOC content of the deep shales is summarized in Table I, which
ranges from 0.2% to 4.5%, and the results implied that all the shales
had the good kerogen quality except in sample W1.”* The mineralogi-
cal composition of the studied deep shale samples is listed in Table II.
These results indicated that the mineral composition of the lower
Silurian Longmaxi formation from the Sichuan Basin was dominated
by siliceous minerals (quartz and feldspar), clay minerals (illite,
kaoline, and chlorite), and carbonatites (calcite and dolomite). The
proportion of siliceous minerals was between 15.8% and 58.8%, and
the most abundant siliceous mineral was quartz, which varies from
10.3% to 56.5%. The carbonatite content of these shales was between
2.5% and 11.3%. All these deep shales contained a minor pyrite with
the content range from 2.3% to 6.1%, which indicated that there
existed a reducing depositional environment. The pore-size distribu-
tion from low-pressure nitrogen adsorption data for deep shales is pre-
sented in Fig. 3, and all the deep shale samples showed a broad pore
diameter range, with the majority of pores range from 1nm to
100 nm. According to the International Union of Pure and Applied
Chemistry (IUPAC) classification, the low-pressure nitrogen sorption
behavior of these shale samples exhibited Type II isotherms.” These
types of isotherms were common in the mesoporous materials, which
illustrated the pore filling of micropores at lower relative pressures and
multilayer adsorption at moderate pressures. When the relative pres-
sure approximated 1, the sharp increase in the adsorbed amount sug-
gested that there existed the macropores. The pore parameters
for low-pressure nitrogen adsorption and desorption are shown in
Table 1. The BET-specific surface areas of all deep shales were between
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TABLE I. Some measured characteristics of shale samples used in this study.

ARTICLE scitation.org/journal/phf

No. Depth (m) TOC (%) Specific surface area (mz/g) Pore diameter (nm)
W1 3873.92-3874.00 1.08 16.43 4.66

W2 3882.12-3882.19 4.50 25.05 7.60

W3 3886.66-3 886.73 3.39 24.75 8.91

L1 4005.36-4005.43 3.42 28.22 3.51

L2 4008.53-4 008.60 0.20 11.03 3.64

L3 4014.87-4014.96 2.43 25.54 3.88

TABLE Il. Major mineralogical composition of shale samples based on XRD analysis (%).

No. Quartz Illite Chlorite Calcite Dolomite Pyrite Kaolinite Feldspar
W1 33.3 27.6 17.7 1.4 1.1 6.1 7.6 5.2
W2 49 229 9.4 4.4 4.1 2.8 4.7 2.7
W3 42.7 24.3 12.5 3.3 3.1 2.3 7.4 4.4
L1 56.5 18.1 9.1 2.7 2.6 2.6 6.1 2.3
12 10.3 72 0 1.4 1.4 2.6 6.8 5.5
L3 50 16.8 10.7 5.8 5.5 2.3 6.1 2.8

16.43 and 28.22 m*/g, and the average pore diameters were in the mes-
opore range, which varied from 3.51 to 8.91 nm.

B. High-pressure methane adsorption isotherms

The measured excess adsorption isotherms of all deep shale sam-
ples at the temperature of 313 K are shown in Fig. 4. As can be seen
from Fig. 4, the excess adsorption isotherms of these deep shales had
similar variation trends. The methane isothermal adsorption curves
increased and then decreased with the increase in pressures, which
represented an upper limit for methane adsorption. When the pres-
sure was low less than 13 MPa, the methane adsorption capacity

20

—_ —_
[} N

Amount adsorbed (cm?/g)
o0

0.4 0.6
Relative pressure (P/P°)

increased with pressures and the isothermal adsorption curve increases
rapidly, which showed a nearly linear growth. While the adsorption
reached the high-pressure stage of more than 13 MPa, the methane
molecules in the adsorption layers gradually increased to saturation,
and the excess adsorption capacity gradually decreased with the
increase in pressures. As illustrated in Fig. 4, all the maximum excess
adsorbed amounts of the deep shales in this study showed good linear
positive correlations with the TOC content, which implied that
organic matter is the main supporting medium of methane molecules
adsorbed in shales. It has been mentioned that a higher TOC content
would result in a larger methane adsorption capacity.”*' This
phenomenon can be explained from the following two aspects. On the

0.0030
(b)
0.0025
g 0.0020
20
5 0.0015
% —— W1
> 0.0010 e W2
= —e— W3
--x- L1
00005t S \8vE o T 5
--¢-- L3
0.0000 T A
1 100 1000

Pore size (nm)

FIG. 3. Pore-size distribution from low-pressure nitrogen sorption data for deep shales: (a) low-pressure nitrogen sorption isotherms and (b) pore-size distribution.
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FIG. 4. Excess adsorption vs pressure on deep shales at 313 K.

one hand, extensive micro- and mesopores were widely observed in
organic matter by low-pressure nitrogen sorption data. The extensive
micro- and mesopores could provide large specific surface area and
much sorption sites for methane molecules in deep shales. As a result
of the higher density of the adsorbed phase, micro- and fine-
mesopores would have great higher adsorption potentials than large
meso-macropores in deep shales. Consequently, the methane mole-
cules could occupy higher potential sites at the initial moment of the
methane adsorption process. On the other hand, methane is a nonpo-
lar gas, and methane molecules would be preferentially attracted by
hydrophobic organic matter rather than other hydrophilic minerals."®
Therefore, the excess adsorption isotherms of these deep shale samples
exhibited similar characteristics to the TOC contents, and their adsorp-
tion capacities would increase with the increasing TOC contents.
According to Eq. (4), the absolute adsorption amounts in deep
shales under different pressures can be obtained, as illustrated in
Fig. 5. As can be seen from Fig. 5, the absolute adsorption amounts of
methane in deep shales showed similar variation characteristics, which

sl W1 (Absolute) --#-- W1 (Excess) (a)
—e— W2 (Absolute) ---- W2 (Excess)
—eo— W3 (Absolute) --o-- W3 (Excess)

Adsorption (m>/t)

Adsorption (m>/t)
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was a rapid increase trend and a slight change trend with increasing
pressures. According to the IUPAC classification, the absolute adsorp-
tion behavior of these shale samples exhibited Type I isotherm.” At
the low pressure (0-4 MPa), the absolute adsorption amount was
almost as much as the excess adsorption amount. The main reason
was that the gas volume phase density was relatively small at the low
gas pressure, and the volume in the adsorption phase could be
negligible.”” With the increasing gas pressure, the absolute adsorption of
methane was inclined to increase while the excess adsorption gradually
became parabolic. At the low, middle, and high pressures, the excess
adsorption of methane in deep shales increased rapidly, then came to its
peak, and finally decreased under high-pressure conditions. Since the
large initial reservoir pressure of methane in deep shale formations, if
the excess adsorption curve of methane at the low pressure was used for
evaluating directly the adsorption ability in shale gas formations, and it
would result in underestimating its actual adsorption capacity.

C. Data fitting of methane adsorption isotherms

The adsorption isotherms illustrate the relationship between the
amounts of adsorbate adsorbed onto an adsorbent with a pressure
change at a constant temperature.””*” In order to describe the adsorp-
tion isotherm phenomenon, lots of adsorption isotherm models have
been proposed and developed over the years.”” As mentioned above,
the excess adsorption isotherms of the deep shales were obtained from
the measured data fitted using the previously described adsorption
models, including the M-L, L-F, D-R, and D-A models. Figure 6
shows the comparisons between the measured data and different
adsorption models on the deep shale samples W1 and L1. From the
results of Fig. 6, all the adsorption models (M-L, L-F, D-R, and D-A)
gave a good description of the measured data on the whole, and their
corresponding average relative errors (AREs) were less than 5%, as
summarized in Table ITI. Compared with these adsorption models, the
D-R model was optimal to fit the high-pressure methane adsorption
on deep shale samples, since it had the smallest ARE value in the
whole pressure. The D-R model has been widely used to describe gas
adsorption behavior on the micropore-rich materials in previous

| —*—LI1(Absolute) --#-- L1 (Excess) (b)
—=— [.2(Absolute) --2-- L2 (Excess)
—e— L3(Absolutc) --o-- L3 (Excess)

Pressure (MPa)

0 10 20 30 40 50
Pressure (MPa)

FIG. 5. Absolute and excess adsorption on deep shales at 313 K: (a) absolute and excess adsorption on W1-W3 and (b) absolute and excess adsorption on L1-L3.
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FIG. 6. Measured data and fitted adsorption models on deep shales.

studies.” This is consistent with the result that the micro- and nano-
pores of shales are more developed in the deep shale gas formations.
Moreover, the ARE values of these adsorption models fitted at the low
pressure (0-15MPa) were obviously smaller than those at the high
pressure (15-55MPa), which implied that the methane molecule
adsorption on shales would more complicated under the high-
pressure condition.

D. Effect of temperatures and clay minerals on
methane adsorption

The excess and absolute adsorption curves of methane on the
deep shale samples at 313 and 333 K are illustrated in Fig. 7. As can be
seen from Fig. 7, the effect of temperatures on the amount of methane
adsorbed on deep shales varied similarly. When the pressure became
lower than 20 MPa, the excess adsorption of methane on deep shales
decreased as the increasing temperature, whereas the opposite trend
would occur once the pressure exceeded some value. This phenome-
non was also mentioned in previous studies, and the main reason may
be attributed to the differences between the adsorbed density of the
adsorbed phase and that of the gas phase.'” By contrast, the absolute
adsorption of methane decreased with the increasing temperature
since adsorption is an exothermic process, and the adsorption capacity
increased rapidly below 10 MPa and the adsorption gas increased
slowly until the equilibrium with the increasing pressure beyond

TABLE Ill. Average relative errors between measured data and adsorption models fitted.

10 MPa. In addition, when the methane molecules were adsorbed on
the shale surface, there existed two kinds of molecular interactions:
adsorbate/adsorbate and adsorbent/adsorbate, which would affect the
adsorption capacity on shales. It was mentioned that the adsorbate/
adsorbate interaction could have been neglected in the previous stud-
ies.'””” The discrepancy with the measured data implied that the
adsorbate/adsorbate interaction would greatly affect the methane
adsorption capacity. Otherwise, the increasing temperature could raise
the methane adsorption process and result in a greater ratio of free gas
molecules. Some weak adsorption sites could miss the methane mole-
cules with the increasing temperature due to the heterogeneity distri-
bution in the shale surface.** Consequently, the absolute adsorption of
methane on deep shales decreased as the temperature increased.

The clay minerals have been widely considered as a crucial factor
affecting the methane sorption capacity on shale rocks.”” In order to
understand the clay dependence of the methane adsorption capacity
on deep shale samples, the maximum adsorption capacity at 313K
was plotted against the total clay content illustrated in Fig. 8. As can be
seen from Fig. 8, the adsorption capacity of methane on shale samples
was inversely correlated with the total content of clay minerals except
for the W2, and this result was consistent with some previous studies
on the marine shale rocks."”"® This phenomenon may be resulting
from the strong effect of TOC content as mentioned above. The
adsorption capacity of methane on the clay-rich rocks was in the
descending order of montmorillonite, illite/smectite mixed layer,

W1 (ARE, %) L1 (ARE, %)
Model 0-15 MPa 15-55 MPa 0-55 MPa 0-15 MPa 15-55 MPa 0-55 MPa
M-L 1.58 4.25 3.04 4.01 222 3.11
L-F 1.64 4.51 3.21 1.55 2.74 2.14
D-R 1.44 3.66 2.65 0.94 2.38 1.66
D-A 1.46 3.81 2.76 1.28 2.22 1.75
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FIG. 7. Effect of temperatures on absolute and excess adsorption for deep shales: (a) deep shale W1 and (b) deep shale L1.

kaolinite, chlorite, and illite."” Among shales W1, W2, and W3, shale
W2 showed the highest capacity of methane adsorption while shale
W1 exhibited the lowest adsorption capacity. In this study, kaoline,
chlorite, and illite commonly existed in these deep shales, and resulted
in methane adsorption capacity that decreased with clay minerals.
Therefore, the methane adsorption behaviors on the deep shales were
very closely related to the mineralogy and physicochemical structure
and were more complex.

E. Effect of moisture on methane adsorption

The adsorption capacity of methane on the organic-rich shales
could be greatly reduced due to the existence of the moisture content,
and the moisture was able to occupy the adsorption sites in the shale
pores.**"” The excess adsorption curves of methane on the deep shale
samples under dry and wet conditions are shown in Fig. 9. As can be
seen from Fig. 9, the effect of moisture on the amount of methane
adsorbed on these deep shales exhibited fairly similar characteristics.
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FIG. 8. Maximum adsorption capacity at 313K vs clay minerals.

When the temperature was constant, the excess adsorption capacity
of methane on the deep shales under the wet condition decreased
significantly at the same pressure, and the whole adsorption iso-
therms moved down compared with that in the dry condition. In
the low-pressure stage, the excess adsorption isotherms increased
rapidly and showed a nearly linear growth. When the adsorption
entered the high-pressure stage (more than 13 MPa), the methane
molecules in the adsorption layer gradually increased to the maxi-
mum adsorption capacity, and then the excess adsorption capacity
gradually decreased with the increasing pressure. The moisture
content of shale would greatly reduce the methane adsorption
capacity, and the main reason was that water molecules would
occupy adsorption sites in the shales, which resulted in the decrease
in adsorption sites for methane molecules. Consequently, the effect
of moisture on methane adsorption implies that the moisture con-
tent should be considered to estimate the methane adsorption
capacity in shale gas reservoirs.

3.0
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FIG. 9. Effect of moisture on excess adsorption for deep shales.

Phys. Fluids 33, 063103 (2021); doi: 10.1063/5.0054486
Published under an exclusive license by AIP Publishing

33, 063103-8


https://scitation.org/journal/phf

Physics of Fluids

V. CONCLUSIONS

In this work, the high-pressure (up to 50 MPa) methane adsorp-
tion isotherms at different temperatures were measured on deep shales
collected from the lower Silurian Longmaxi formation in the Sichuan
Basin, South China. The high-pressure methane adsorption character-
istics on deep shales were analyzed, and then the adsorption models
were used to describe the methane adsorption behavior. Moreover, the
effects of temperatures and clay minerals as well as moisture content
on the methane adsorption capacity were discussed. According to the
above results, the main conclusions from this study are summarized as
follows: (1) The excess adsorption isotherms of methane on deep
shales increased with pressures, then gradually reached their peak and
finally decreased with the increasing of pressures beyond 13 MPa. The
maximum excess adsorption capacities at pressures up to 50 MPa and
313K on these deep shales were between 1.36 and 2.73m’/t. The
methane absolute adsorption amount on deep shales was a rapid
increase trend and then a slight change trend with increasing pres-
sures, which exhibited Type I isotherms. (2) The maximum excess
adsorbed amounts on the deep shales were good linear positive corre-
lations with the TOC content, and it had a significant effect on the
methane sorption capacity, which implied that organic matter was the
main carrier of methane molecules adsorbed in shales. Compared with
these adsorption models, the D-R adsorption model provided the best
fit to the experimental data at the entire pressure, which could describe
and predict the high-pressure excess adsorption of methane on deep
shales. (3) As the temperature increased, the excess adsorption of
methane on deep shales decreased at some pressure, while the opposite
trend would occur once it exceeded this pressure. Kaoline, chlorite,
and illite commonly existed in these deep shales and brought about
the methane adsorption capacity that decreased with clay minerals. (4)
The presence of the moisture content on deep shales sharply decreased
the methane adsorption capacities. As the increasing pressure, the
effect of moisture content on methane adsorption in shales decreased
and then maintained stable. The moisture could occupy the adsorption
sites in shale pores, which resulted in the methane adsorption capacity
that decreased with moisture.
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