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Abstract: Marine—terrestrial transitional Permian shales occur throughout South China and have
suitable geological and geochemical conditions for shale gas accumulation. However, the Permian
shales have not made commercial exploitation, which causes uncertainly for future exploration. In this
study, high-pressure methane (CHy4) adsorption experiments were carried out on the Permian shales in
the Lower Yangtze area, and the influences of total organic carbon (TOC) content and temperature on
adsorption parameters were investigated. The characteristics and main controlling factors of methane
storage capacity (MSC) of the Permian shales are discussed. The results show that the maximum
adsorption and the adsorbed phase density of these Permian samples are positively correlated with
TOC contents but negatively correlated with temperatures. The pores of organic matter in shale,
especially a large number of micropores and mesopores, can provide important sites for methane
storage. Due to underdeveloped pore structure and poor connectivity, the methane adsorption
capacities of the Permian shales are significantly lower than those of marine shales. Compared with
the Longmaxi shales, the lower porosity and lower methane adsorption of the Permian shales are
reasonable explanations for their lower gas-in-place (GIP) contents. It is not suitable to apply the
index system of marine shales to the evaluation of marine—terrestrial transitional shales. The further
exploration of Permian shales in the study area should be extended to overpressure stable reservoirs
with high TOC contents (e.g., >5%), high porosity (e.g., >3%), and deep burial (e.g., >2000 m).

Keywords: high-pressure adsorption; methane storage capacity; marine—terrestrial transitional shale;
type III kerogen; Permian

1. Introduction

The predicted recoverable shale gas resources of the Yangtze Plate account for approx-
imately 70% of the terrestrial resources of China [1], which occur in two sets marine shales
(the Lower Silurian Longmaxi Formation and the Lower Cambrian Qiongzhusi Formation)
and in the marine-terrestrial transitional Permian strata system [2-8]. Through the past
decade of exploration and development, the marine shales in Sichuan Basin and its periph-
eral areas have been commercially exploited. Shale gas production reached 1.54 x 10'° m?,
with an increase of 41.3% in 2019, ranking third in the world [1,4]. However, the Permian
shale in the Lower Yangtze area has not been commercially exploited. Only a few wells
have conducted fracturing tests [9], and the gas contents of Permian shales were generally
low, with on-site gas content between 0.22 and 2.1 m3/t [10-12], which failed to meet the
standard of the shale gas enrichment area, i.e., 2.5 m?3/t [13]. The industrial gas flow could
not be obtained after hydraulic fracturing [9,10]. At present, the Permian shales still lack
value for commercial exploitation.

There are many differences between the marine—terrestrial transitional shales and the
marine shales in terms of gas generation, reservoirs, and preservation conditions [5-8].
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In essence, it is mainly reflected in the different organic matter types. The marine shales
are mainly composed of type I and/or type Il kerogens [14-16], while the Permian shales
are basically type III kerogen [17,18]. Compared with type I and type II kerogens, type II1
kerogen not only generates less oil and gas [19,20] but also affects the store space of shale
system [21,22].

The Permian in the Lower Yangtze area is mainly composed of organic-rich shale, oc-
curring in a large regional extent, and have moderate burial depths (generally 1000—4000 m)
and large thicknesses (about 100-600 m), which are excellent geological conditions for shale
gas generation and preservation [17,23-26]. According to a report by Pang et al. [1], the
geological resources of shale gas in the study area can reach 8.92 x 10'> m?, with a recover-
able resource potential of 1.8 x 10'2 m®. The Permian shales are the key stratum for shale
gas exploration and should have the potential to become the new growth point of shale
gas reserves in the future. However, the exploration of Permian shales is still in the early
stage. The number of drilling wells is very rare and is especially lacking in deep wells.
Determining the next exploration direction has become an urgent scientific problem.

Shale gas in overmature shale is stored mainly as free gas and adsorbed gas, and
the proportion of adsorbed gas can reach 20-85% [27-29]. High-pressure adsorption
experiments are considered a common method to evaluate the adsorption capacity of
shale and have been widely applied by many scholars [30-33]. At present, the previous
studies mainly focused on the lower Paleozoic marine shales in the Upper Yangtze region.
There is a lack of research on the MSC of marine—terrestrial transitional shales with type
IIT kerogen. The relevant reports of the high-pressure adsorption of Permian shales are
very limited [25], and it is difficult to accurately predict the GIP of Permian shales under
geological conditions. In this context, systematic methane adsorption experiments were
performed on the homologous Permian shales collected from relatively shallow reservoirs.
Combining the experimental adsorption parameters with the set geological conditions
of shale reservoirs, the MSC of Permian shales are evaluated and compared with marine
shales. The purpose is to improve the evaluation of MSC of Permian shale, which will fill
the gap of marine—terrestrial transitional shales. It is of great significance to clarify the
next exploration direction of Permian shales in the Lower Yangtze area. In addition, the
investigation of shale storage capacity is helpful to understand its potential as the carrier
for CO; geological storage [34,35].

2. Geological Setting

The Lower Yangtze plate is bounded by the East China Sea and the Yellow Sea to
the east and northeast, by the North China plate to the northwest, and by the South
China plate to the south and southeast [36,37] (Figure 1). The sedimentary and tectonic
movement includes three main stages [38]: marine sediments from the Early Paleozoic to
the Middle Triassic, terrestrial sediments from the Late Triassic to the Early Cretaceous,
and tectonic deformation and overprint from the Cretaceous to the Cenozoic. The initial
marine sediments contain an alternating marine and terrestrial deposition (of Permian age)
that was deposited along a continental margin [39,40]. During the Caledonian movement,
the Yangtze plate was relatively stable and contained a large sedimentary thickness of
3000-10,000 m. The Indosinian and Himalayan movements carried out strong structural
transformation on the strata, which led to an overall uplift of the Lower Yangtze plate and
extensive erosion of Mesozoic strata [39]. The thickness of organic-rich Permian shales
ranges from 100 to 600 m, with an average TOC content greater than 2% and occasionally
reaching 21% [17,23].
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Figure 1. The tectonic location diagram of the Lower Yangtze area and sampling location (modified
from Zhu et al. [37]). JSF: Jiashan-xiangshui Fault; CHF: Chuhe Fault; JNF: Jiangnan Fault; TBS:
Tianmushan-baijishan Shear Zone.

3. Samples and Methods
3.1. Samples

The Permian shale samples were collected from well C1 (Figure 1), which is located
at Wuhu block in the Lower Yangtze area. Their geochemistry parameters, mineralogical
compositions, and pore structural characteristics were reported by Pan et al. [17] (Table 1).
Briefly, the selected samples cover a wide range of TOC contents, varying from 0.94% to
11.80%, with an average vitrinite reflectance (Ro) value of 2.34-2.58%. The samples are rich
in quartz ranging from 30.5% to 86.3%, and clay minerals ranging from 11.3% to 59.4%.
The contents of carbonate and feldspar are 0-21.8% and 0-21.2%, respectively. Their total
porosity varies from 1.96% to 4.65%. The Brunauer-Emmett-Teller (BET) surface area and
micropore volumes are in the range of 9.61-19.77 m?/g rock and 0.38-0.80 cm®/100 g
rock, respectively.

3.2. FE-SEM Observations

Field emission scanning electron microscopy (FE-SEM) observations were performed
on polished shale surfaces. An observation surface with a larger area and higher quality
can be obtained by multistage Ar ion milling with different acceleration voltages. First, the
acceleration voltage was set at 6 kV with a milling time of 4 h, and then reduced to 3 kV with
a milling time of 1 h. Secondary electron (SE) images were acquired by the upper detector
on the Hitachi SU8010 system. Due to the poor conductivity of shale, lower accelerating
voltages (1-2 kV) with small working distances (2-4 mm) were set to prevent beam damage
of shale samples and ensure high-definition images. These images can provide important
information on compositional variations and the types and sizes of pores [15,41].
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Table 1. Geochemistry parameters, mineralogical compositions and pore structure characteristics of
the Permian samples (data from Pan et al. [17]).

Depth TOC Ro Porosity Vmic SBET Mineralogical Compositions Relative Percent (%)
Sample
P (m) (wt.%) (%) (%) cm?/100 g (m?/g) Quartz  Feldspar Clays!  Carbonate?  Other?

C1-1 1234 9.95 2.34 3.59 0.79 17.91 62.2 21.2 11.3 0 5.3

Cl-4 261.9 1.36 2.44 2.09 0.38 9.61 30.5 10.9 58.6 0 0

C1-5 288.0 0.94 Nd 4 1.96 0.39 10.09 34.8 5.80 59.4 0 0

C1-7 326.3 11.8 2.51 4.65 0.80 18.24 86.6 0 12.7 0 1

C1-9 337.2 6.18 2.58 2.29 0.47 14.08 452 0 349 18.0 1.9
C1-10 341.8 8.83 2.55 2.97 0.66 19.77 32.0 0 37.3 21.8 8.9

! Clays = illite + chlorite. 2 Carbonate = Calcite + Dolomite. 3 Others = Pyrite + Siderite. * Nd = No data.

3.3. High-Pressure Methane Adsorption Experiments

The Permian shale samples were dried in a vacuum at 60 °C for 24 h and then were
crushed and sieved for an 80 to 40 mesh (380 to 180 um) size fraction. The selected
parts were dried again in a vacuum at 110 °C for 24 h. The ISOSORP-HP Static II model
with magnetic levitation balance was used for high-pressure adsorption measurements.
The precision of the balance was 0.01 mg, and the measurable values of temperature and
pressure reached 40-200 °C and 0-35 MPa, respectively. The sample container was wrapped
by a heating oil bath cycle with an accuracy of 0.01 °C. The excess adsorption amount
was directly measured, and then calculated by a blank and buoyancy corrections [8,14,42].
The experimental adsorption temperature was set at 60 °C for all samples. Five extra
temperatures (40, 80, 100, 120 and 150 °C) were measured for three selected samples (C1-4,
C1-7 and C1-10).

3.4. Adsorption Parameters of Shale
3.4.1. Calculation of Adsorption Gas

According to the Gibbs adsorption [43—46], the relationship between excess adsorption
and absolute adsorption can be expressed by the following equation:

Nex = Ngp* <1 — P”;) 1)

where 1, represents the absolute adsorption, n.x represents the excess adsorption, p; is
the gas phase density, and p,; is the adsorbed phase density.

At present, the Langmuir model is widely used to characterize the adsorption charac-
teristics of porous media, such as activated carbon, coal, and shale [3,7,47]. The supercritical
Dubinin-Radushkevich (SDR) model is used to characterize the high-pressure adsorption
under supercritical conditions, which is modified from the classical Dubinin—-Radushkevich
(DR) equation for subcritical adsorption [31,48-50]. The SDR model is more reasonable
than the Langmuir model, because the density of adsorbed methane fitted by the SDR
model is less than the liquid density of methane at its boiling point [7,8,31]. Therefore, the
SDR model is selected and takes the following form:

2
Nex = ng-expq —D- (ln(pHd> ~RT) -(1 — pb) 2)
Pb Pad
where 7 represents the maximum absolute adsorption, D is an interaction constant related
to pore structure [51], T is the Kelvin temperature, and R is the ideal gas constant.

3.4.2. Calculation of Adsorbed Gas, Free Gas, and Total Gas

Pan et al. [8] proposed a method to calculate adsorbed gas, free gas, and total gas
content at different burial depths. The adsorbed gas and total gas can be calculated by
excess adsorption, while the free gas is equal to the total gas minus the adsorbed gas. The
total gas content is expressed using the sum of excess adsorption and free gas corresponding
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to the rest volume. The adsorbed gas, total gas, and free gas at specific geological conditions
can be calculated using the following equations, respectively:

H . H
H _ Mex*Pad )
b = (H/T)
Pad ~ P
(HTy)
H H 9(1—5Sw)
Miotal = Mex T T STP 4)
Pa Py
H H H
Nfree = Miotal — Map ©)
where nfl, nft, n}lfre i, el and péH’T’y ) are the excess adsorbed gas, absolute adsorbed

gas, free gas, total gas, adsorbed phase density, and bulk gas phase density at a burial
depth of H, respectively. ¢ is the total porosity, Sy is the water saturation, p, is the apparent
density of shale, and pgTP represents the density of methane at standard temperature and

pressure conditions.

3.5. Thermodynamics of Methane Adsorption

The required equilibrium pressure (P) is related to the temperature (T) for a given
adsorption (n). Their relationship can be expressed as the following equation [52]:

In(p), — — st 4 (lnPO - ARSO> ©)

" R-T

where Qg; is the isosteric heat, po represents the standard atmospheric pressure, and ASO
is the standard entropy. Qs+ and AS? were determined from the slope and intercept of the
regression line on the plot of the natural logarithm pressure versus the reciprocal of the
Kelvin temperature [53].

4. Results and Discussion
4.1. Isothermal Adsorption Curve

The excess adsorptions were directly measured (Figure 2a), and the adsorption param-
eters were fitted by the SDR model [8,31,48]. The absolute adsorptions were constructed by
measuring and fitting adsorption parameters (Figure 2b). The measured maximum excess
adsorption varies from 0.72 cm?/g rock to 2.08 cm?/g rock, while the fitted maximum
absolute adsorption varies from 1.11 cm3/g rock to 3.17 cm® /g rock (Table 2). The excess
adsorption curves increase rapidly at first and then decrease with increasing pressure, with
a maximum corresponding to pressures between 9 and 13 MPa. It will be reduced to zero
when the bulk methane density is equal to the adsorbed phase density if the experimental
pressure continues to increase. The shape of the absolute adsorption curves is similar
with the type I adsorption curve defined by IUPAC [54]. The difference between excess
adsorption and absolute adsorption gradually increases with increasing pressure.

The adsorption isothermal curves of three selected samples (C1-4, C1-7 and C1-10) at
different temperatures also have obvious differences (Figure 3). With an increase in tem-
perature, the excess adsorption decreases in the experimental pressure range (0-35 MPa),
and the pressure corresponding to the maximum excess adsorption increases slightly
(Figure 3a,c,e). The higher the temperature is, the lower the absolute adsorbed amount
(Figure 3b,d,f) because the adsorption of methane in shale is an exothermic process [55,56]
and it does not change with the type of kerogens [7,14,31,53]. Therefore, these adsorp-
tion isothermal curves on marine—terrestrial transitional shales with type III kerogen are
basically consistent with those of marine shales with type I or type II kerogen [7,8,14,31].
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Figure 2. Measured and fitted methane excess adsorption isotherms (a) and calculated absolute
adsorption isotherms using the SDR model (b) for the studied Permian samples at 60 °C.

Table 2. Adsorption parameters of the studied samples fitted by SDR model at 60 °C.

Sample ng,’t””‘ . Pressure nitx D Pad Vaa
(cm3/g) (MPa) (cm3/g)1  (mol?/KJ?) (g/cm?3) (cm3/100 g)
C1-1 2.08 ~10 3.17 0.0097 0.347 0.65
C1-4 0.72 ~9 1.11 0.0121 0.243 0.33
C1-5 1.03 ~11 1.60 0.0132 0.282 041
C1-7 2.02 ~10 3.01 0.0091 0.360 0.60
C1-9 1.37 ~9 211 0.0100 0.314 0.48
C1-10 1.64 ~11 2.49 0.0110 0.327 0.54

11 mmol/g =16 mg/g = 22.4 cm®/g rock @STP.

Figure 3. Cont.
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Figure 3. Measured and fitted excess adsorption isotherms against equilibrium pressure (a,c,e) and
their absolute adsorption isotherms calculated by the SDR model (b,d,f) at various temperatures for
the three selected samples.

4.2. Influence of TOC Content on Adsorption Characteristics

There are linear positive correlations between the maximum adsorbed amounts with
TOC content (Figure 4, Table 3), which implies that the organic matter can provide storage
sites for methane adsorption in shale [3,6,32]. The maximum excess and absolute adsorption
amount for a sample without organic matter (i.e., TOC = 0%) is 0.73 cm®/g rock and
1.15 cm3/g rock, respectively. Ji et al. [57] reported that the clay minerals in shale could
also contribute a portion of methane adsorption capacity. Especially for the samples with
low TOC content, the contribution of clay minerals should be dominant [58]. However,
the contribution of organic matter increases significantly with increasing TOC content
(Figure 4).
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Figure 4. Plots showing the relationships between the maximum excess adsorption with the TOC con-
tent (a) and the maximum absolute adsorption with the TOC content (b). (The adsorption temperature
is 60 °C and the Longmaxi and Niutitang shales are from Pan et al. [8] and Li et al. [14], respectively).

Table 3. Pearson correlation analysis between adsorption parameters and reservoir physical proper-
ties of the studied samples.

TOC Clay Porosity SBET Vinic npsr nin Pad \¥
Clay —0.946 **
Porosity 0.904 * —0.886 *

SBET 0.944 ** —0.819* 0.769

Vinic 0.957 ** —0.936 ** 0.934 ** 0.902 *
npt 0.956 ** —0.96 ** 0.873 * 0.900 * 0.967 **
niht 0.949 ** —0.958 ** 0.859 * 0.896 * 0.961 ** 1.000 **

Oad 0.946 ** —0.926 ** 0.848 * 0.891 * 0.914 ** 0.978 ** 0.977 **

Vaa 0.930 ** —0.946 ** 0.826 * 0.890 * 0.951 ** 0.995 ** 0.997 ** 0.965 **

D —0.957 ** 0.906 * —0.792 —0.891* —0.849* —0.862 * —0.856 * —0.859 * —0.835*

“*: < 0.01,* p<0.05n=6.

The adsorption data of the Lower Silurian and Lower Cambrian shales in the Upper
Yangtze area with the same experimental temperature (60 °C) are compared with those
of the Permian shales in the Lower Yangtze area [8,14] (Figure 4). When the TOC content
exceeds 2%, the maximum adsorptions of the Permian shales are significantly lower than
those of the Lower Silurian and Lower Cambrian shales. In addition, the regression line of
Permian shales in Figure 4b has a slope of 0.168, indicating an absolute adsorption capacity
of organic matters of 16.8 cm3/g TOC. This value is lower than these values of marine
shales, e.g., 42-58 cm3 /g TOC. The contribution of unit organic matter to the adsorption
capacity of the Permian shales is only 29-40% of the Lower Paleozoic shales, indicating
that the methane adsorption capacities of the marine—terrestrial transitional shales are
significantly lower than those of marine shales.

The density of adsorbed methane in the Permian shales ranges from 0.243 g/cm?
to 0.360 g/cm? (Table 2), which is less than the density of liquid methane at its boiling
point (e.g., 0.424 g/cm?3). There is a strong linear positive correlation between the adsorbed
phase density and the TOC content (Figure 5a; Table 3), which indicates that samples
with higher TOC content require higher pressures for excess adsorption to approach zero.
Compared with the Longmaxi shales, there is no significant difference in the adsorbed
phase density of samples with low TOC content (e.g., TOC < 4%) [8]. Due to the lack of
Longmaxi shale samples with high TOC content, it is difficult to compare them directly.
However, according to their trend line, it can be concluded that the adsorbed phase density
of the Permian shales will be lower than that of the Longmaxi shales when TOC > 4%. In
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contrast, the adsorbed phase density of the Niutitang shales is significantly higher than
that of the Permian shales [14]. The values of pore structure parameter D range from
0.0091 mol?/KJ? to 0.0132 mol? /KJ?, which are negatively related to the TOC content with
a natural logarithm relation (Figure 5b) because organic matter in shale can provide more
small pores than other minerals [17,31,32,59]. This regular pattern is also presented in the
Longmaxi shales [8] (Figure 5b). However, due to the lack of samples with lower TOC
content and the deviation of individual samples, the negative logarithm correlation is not
obvious in the Niutitang shales [14] (Figure 5b). From the vertical perspective, the values
of parameter D of the Permian shales are significantly larger than those of the marine
shales [8,14], which indicates that the pore structure of marine—terrestrial transitional shales
should be different from marine shales.

Figure 5. Plots showing the relationships between the density of the adsorbed phase with the TOC
content (a) and the pore structure parameter D with the TOC content (b). (The Longmaxi and
Niutitang shales are from Pan et al. [8] and Li et al. [14], respectively).

Gas adsorption is closely related to the pore structure of the adsorbent. The volume
filling is mainly forming of methane adsorption in micropores (pore size < 2 nm); thus, the
adsorbed amount depends on the volume of micropores. Monolayer-multilayer adsorption
occurs on the surface of mesopores (2-50 nm) and macropores (>50 nm), and the adsorbed
amount is related to the specific surface area [60]. Furthermore, the relationships between
adsorption parameters and pore structure parameters of those shales are compared. The
maximum excess and absolute adsorbed amounts of Permian shales have a strong linear
positive correlation with the BET surface area and micropore volume (Figure 6; Table 3).
The correlation with micropore volume is stronger than the correlation with surface area,
because the adsorption capacities of micropores are stronger than larger pores [17,61].
Therefore, micropores in shales are the most important carriers for providing sites for
methane adsorption, and the surface adsorption of mesopores and macropores is auxil-
iary [32,61,62]. The Permian shales show relatively smaller adsorption than the Longmanxi
and Niutitang shales with the same micropore volume and BET surface area, indicating
that the pore structure of shales with type III kerogen have lower methane adsorption
capacities than marine shales with type I and/or type II kerogen.
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Figure 6. Plots showing the relationships between the maximum adsorption with the BET surface
area (a,c) and the micropore volume (b,d) for the studied samples. (The Longmaxi and Niutitang
shales are from Pan et al. [8] and Li et al. [14], respectively).

The above conclusion was also confirmed by FE-SEM images. At lower magnification,
the organic matters are filled between the minerals. The black part is organic matter, and the
gray part is minerals in the secondary electron (SE) images (Figure 7a). The intra-particle
pores in organic matter have cylindrical, spherical, ellipsoid, and irregular shapes, which
have sizes less than 200 nm (Figure 7b). The mesopores and macropores can be observed
directly by FE-SEM. The interior of larger organic pores is composed of many smaller
mesopores and micropores, which can greatly increase the internal specific surface area
of shale (Figure 7c). The intra-particle and inter-particle pores of minerals are relatively
rare. Moreover, the inter-particle pores of minerals are mainly mesopores and macropores
(Figure 7d—f), which can provide a large amount of storage space for free gas [8,32]. A
large number of pyrites are developed in the Permian shale, mainly in framboids and
agglomerates (Figure 7d,e). Due to the supporting structure of pyrite, the pores of organic
matter infilled in pyrite framboids are very developed (Figure 7f). Compared with the
Lower Paleozoic shales in southern China [15], the connectivity of organic pores in Permian
shale is poorer and most of them are distributed independently (Figure 7c). Both the
Permian shale and marine shales are in the overmaturity stage. The type of kerogen should
be an important factor for this difference. Therefore, further studies on type III kerogen
shale are needed. Type I and type II kerogens contain more retained oil (or bitumen) than
type III kerogen, and more gaseous hydrocarbons and more organic nanopores are formed
during the process of thermal evolution [22].
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Figure 7. (a—f), FE-SEM images of the organic-rich Permian shale (Sample C1-7, TOC = 11.8%) with
type III kerogen from the Lower Yangtze area. OM = organic matter; InterP pores = inter-particle
pores; IntraP pores = intra-particle pores. ((a,d,e), Minerals; (a-c), OM pores; (d-f), Pyrite; (d,e), InterP
pores; (f), IntraP pores).

In addition, it should be noted that there is a slight difference between the saturated
adsorption phase volume calculated at 60 °C and the CO, micropore volume tested at 0 °C
(Figure 8). For the samples with lower organic matter content (TOC < 6%), they are almost
the same, while the micropore volume of samples with higher TOC content is slightly
higher than the saturated adsorption phase volume. Similar phenomena were found in
marine shales reported by Gali et al. [3]. Therefore, the CO, micropore volume can be used
as a substitute index of methane adsorbed volume in dry shales without high-pressure
adsorption experiment. Due to the limitation of the data, more adsorption experiments are
needed to support this inference.
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Figure 8. Plot showing the relationship between the adsorbed phase volume calculated at 60 °C and
the CO, micropore volume tested at 0 °C for the studied samples.

4.3. Influence of Temperature on Adsorption Characteristics

The adsorption parameters of selected samples (C1-4, C1-7 and C1-10) under different
temperatures are listed in Table 4, which are fitted by the SDR model. With increasing
adsorption temperature, there is a strong linear positive correlation between the maximum
absolute adsorption and the reciprocal of the Kelvin temperature (Figure 9a). Obviously,
the density of the adsorbed phase is also positively correlated with the reciprocal of the
Kelvin temperature (Figure 9b). The adsorbed phase volumes of organic-rich shales have
a linear positive correlation with the reciprocal of the Kelvin temperature, and the CO,
micropore volume basically falls on the extension line of this relationship (Figure 10). This
can provide insight into why the adsorbed phase volume (measured at 60 °C) of shale
samples with high TOC content is slightly lower than its CO, micropore volume (measured
at 0 °C) (Figures 8 and 10). However, parameter D is not obviously affected by increasing
temperature (Table 4), which shows that the variation in adsorption temperature has not
caused obvious changes of pore structure in shale.

Table 4. The adsorption parameters of three selected samples (C1-4, C1-7 and C1-10).

Temperature 1/Temperature np** Pressure D Pad i \¥
Samples

Q) (1/K) (cm3/g) 1 (MPa) (mol?/KJ?) (g/cm®) (cm3/g) 1 (cm3/100 g)

40 0.003195 0.80 ~8 0.26 1.23 0.34

60 0.003003 0.72 ~8 0.24 1.11 0.33

Cl-4 80 0.002833 0.61 ~9 0.0126 023 0.98 031

150 0.002364 0.37 ~10 0.16 0.65 0.29

40 0.003195 2.25 ~9 0.37 3.30 0.64

60 0.003003 2.02 ~9 0.36 3.01 0.6

C1-7 80 0.002833 1.84 ~11 0.0091 0.33 2.83 0.61

100 0.002681 1.57 ~12 0.30 243 0.57

150 0.002364 1.27 ~14 0.26 1.99 0.55

40 0.003195 1.84 ~9 0.33 2.71 0.58

60 0.003003 1.64 ~10 0.33 249 0.54

80 0.002833 1.48 ~11 0.30 2.26 0.53

C1-10 100 0.002681 121 ~12 0.0099 027 1.90 0.50

120 0.002545 1.08 ~13 0.25 1.75 0.50

150 0.002364 0.86 ~13 0.22 1.39 0.45

11 mmol/g =16 mg/g = 22.4 cm?/g rock @STP.
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Figure 9. Plots showing the relationships between the reciprocal of the Kelvin temperature with the
maximum absolute adsorption capacity (a) and the density of adsorbed phase (b) for shales. (The
Longmaxi and Niutitang shales are from Pan et al. [8] and Li et al. [14], respectively).
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Figure 10. Plots showing the relationships between the reciprocal of the Kelvin temperature and
the adsorbed phase volume of Permian and organic-rich Niutitang shales [14]. (The hollow icons
represent the adsorbed phase volume, and the solid icons represent the CO, micropore volume
obtained at 273.15 K).

The adsorption parameters of marine shale samples at different temperatures are also
shown in Figures 9 and 10. Although their TOC contents are somewhat different, some
analysis results can be drawn. The adsorption parameters of the Lower Cambrian shale
sample (TOC = 11.3%) [14] are obviously larger than those of the Permian shale sample
(C1-7, TOC = 11.8%), though the TOC content of the Lower Cambrian shale is slightly lower
than that of the Permian sample. In particular, the maximum absolute adsorption amounts
of the Niutitang shale sample are about 1.8-2.0 times those of the Permian sample, while
the adsorbed phase densities are approximately 1.15-1.27 times and the adsorbed phase
volumes are about 1.57-1.60 times, respectively (Figure 9). Although the TOC content of
the Lower Silurian shale sample (TOC = 3.98%) [8] is less than half of the Permian shale
sample (C1-10, TOC = 8.83%), its absolute adsorption amounts are larger than those of
the Permian shale sample. The adsorbed phase volumes of Permian shale samples at
different experimental temperatures are significantly smaller than those of the Niutitang
shale samples with similar TOC content (Figure 10). However, the number of samples is
limited. Therefore, the phenomena observed in those samples may not be applicable to all
shale samples.

4.4. Adsorption Thermodynamics

As shown in Figure 11a, the absolute adsorption amounts of Sample C1-7 and C1-10
are set as 1.5 cm®/g rock and 2.0 cm® /g rock, and the correlation coefficients are as high as
0.99 (Figure 11a). The isosteric heats and standard entropies are derived from the slopes and
intercepts of the regressed lines, which are slightly reduced with the decrease in absolute
adsorption. According to the studies reported by Tian et al. [7] on the Lower Silurian shales
in the southeastern margin of the Sichuan Basin and Li et al. [14] on the Lower Cambrian
shales in northern Guizhou, the thermodynamic parameters of marine shales fall between
type I and type II kerogens [53] (Figure 11b). The isosteric heats and standard entropies of
shales are affected by both organic matter type and thermal maturity [53,63], which have no
obvious correlation with organic matter content [14]. With the transition of organic matter
from type I to type III kerogen, the isosteric heats increase, while the standard entropies
decrease. The Permian shales in the Lower Yangtze area is obviously different from the
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marine shales, and the values exceed type II kerogen and are close to type III kerogen
(Figure 11b).

Figure 11. (a) Plots of In(P) versus the reciprocal of the Kelvin temperature of Sample C1-7 and C1-10;
(b) The linear relationship between the isosteric heats and standard entropies for the Permian shale
and other shales and kerogens [7,14,53,63].

4.5. Methane Storage Capacity of the Permian Shales

The current geothermal gradient in the Lower Yangtze area ranges between
19-25 °C/km [38]. Wang et al. [64] reported that the geothermal gradients of several wells
near the Wuhu block were 20.9, 24.1, 23 and 21 °C/km, with an average of 22.3 °C/km.
Therefore, the geothermal gradient is set at 22 °C/km with a surface temperature of 15 °C.
The fluid pressure coefficient of shale reservoirs is greatly affected by the tectonic stress
field. Overpressure exists in the structural stability area or fold compression area, with
a pressure coefficient reaching 1.5, while hydrostatic pressure occurs mostly in the uplift
and tension area, with a pressure coefficient of approximately 1.0 [65]. Due to the lack of
detailed exploration data on the Permian shales in the study area, the water saturation was
set as 30% in the hydrostatic pressure area and 20% in the overpressure area, which were
based on the exploration data of the Longmaxi shales in the Upper Yangtze area [8,66,67].
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The experimental temperature range is 40-150 °C, and the pressure range is 0-35 MPa.
According to the set geological parameters, the corresponding burial depths are about
1200-6000 m and 0-3500 m, respectively. Combined with the high-pressure adsorption
and porosity, the MSC geological models of the Permian shale systems are established
under two different pressure coefficients (1.0 and 1.5) (Figure 12). The free gas content is
mainly affected by the fluid pressure coefficient, burial depth, TOC content, and porosity.
However, the fluid pressure coefficient has a tiny influence on adsorption gas, especially
when the buried depth is more than 3000 m. With the increase in the fluid pressure
coefficient, the free gas content increases, thus increasing the MSC of shale. The free gas
increases with increasing burial depth, while the adsorption gas decreases in the depth of
1200-6000 m. When the burial depth of the shale system is greater than 2000 m, the burial
depth mainly affects the ratio of adsorbed gas to free gas, but the total gas content has no
obvious change. For the shallow shale reservoir (depth < 2000 m), the burial depth has an
important influence on the content and proportion of gas. Although the water saturation
is considered, the interaction of water—shale-rock is ignored in this study. In fact, H,O
molecules are preferentially adsorbed on the hydrophilic group, which usually reduces the
methane adsorption capacity of shale [68,69]. The MSC model of shale samples represent
the maximum gas content of shale reservoirs. Therefore, The GIP of real shale reservoir
should be less than the predictive MSC model.

Figure 12. Cont.
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Figure 12. The MSC models of the Permian shale reservoirs based on difference TOC content samples
((a) Sample C1-4 with a TOC content of 1.36% and a total porosity of 2.09%. (b) Sample C1-7 with a
TOC content of 11.8% and a total porosity of 4.65%. (¢) Sample C1-10 with a TOC content of 8.83%
and a total porosity of 2.97%). The numbers in legend mean the fluid pressure coefficient. The water
saturation is 20% for reservoir with a pressure coefficient of 1.5 and 30% for reservoir with a pressure

coefficient of 1.0. The geothermal gradient is 22 °C/km with a surface temperature of 15 °C.
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Furthermore, the relationships between the MSC of Permian samples with the TOC
content and porosity were constructed and compared with the Lower Silurian shale
(Figures 13 and 14). The set reservoir temperature was 60 °C, corresponding to the burial
depth of approximately 2000 m. According to Figure 13, the total gas content and adsorbed
gas content of the Permian shales are positively correlated with the TOC content, while
the free gas content is mainly controlled by the fluid pressure of shale reservoir system. At
present, the Permian shale reservoirs in the Lower Yangtze area have a burial depth of less
than 4000 m, and most of them are controlled by hydrostatic pressure. If we refer to the
GIP index of economic shale gas reservoirs (e.g., 2.5 m>/t) [13], the corresponding TOC
contents are at least 5.6% and 3.6% under hydrostatic pressure and 1.5 times hydrostatic
pressure, respectively. With the same pressure coefficient, water saturation, and geothermal
gradient, the MSC of the Permian shales is significantly lower than that of the Longmaxi
shales. For Permian shales, a higher TOC content is required to achieve the same MSC as
Longmaxi shales.

Figure 13. Plots showing the relationships of the TOC content and the MSC of the Permian and
Lower Silurian shales [8] under hydrostatic pressure (a) and 1.5 times hydrostatic pressure (b). The
set reservoir temperature is 60 °C, corresponding buried depth of approximately 2000 m. The water
saturation is 30% for the reservoir with hydrostatic pressure, and 20% for the reservoir with 1.5 times
hydrostatic pressure. (All drawings have the same icons shown in the first).
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According to Figure 14, the porosity of Permian shales needs to reach 3.35% to match
the MSC of 2.5 m®/t at hydrostatic pressure. It is mainly composed of adsorption gas,
accounting for 73% (Figure 14a). The increase in the pressure coefficient can obviously
increase the free gas content. The porosity corresponding to a MSC of 2.5 m?/t at 1.5 times
hydrostatic pressure is 2.78%, and the proportion of adsorption gas is 58% (Figure 14b).
Compared with the Longmaxi shales, they have similar free gas contents under the same
porosity, but the adsorbed gas contents of the Permian shales are lower than the Longmaxi
shales. It should be noted that the porosity of the Permian shales is also controlled by
the TOC content [17]. Therefore, the TOC content is the most important parameter for
evaluating Permian shales, which is the same as marine shales [7,32,63].

Figure 14. Plots showing the relationships of the porosity and the MSC of the Permian and Lower
Silurian shales [8] under hydrostatic pressure (a) and 1.5 times hydrostatic pressure (b). The set
reservoir temperature is 60 °C, corresponding buried depth of approximately 2000 m. The water
saturation is 30% for the reservoir with hydrostatic pressure, and 20% for the reservoir with 1.5 times
hydrostatic pressure.



Energies 2022, 15, 1875

20 of 23

4.6. Geological Significance

The organic matter type of the Permian shales is type III kerogen, which may be the
fundamental reason for the unsatisfactory exploration of Permian shales in southern China.
Due to the undeveloped nanopores in organic matter, the porosity of the Permian shales
is relatively low. The MSC of the Permian shales is lower than the marine shales with
the same TOC content. Therefore, the Permian shales needs a higher TOC content or a
higher porosity to achieve the same GIP as the marine shales. Furthermore, the higher
the temperature is, the lower the adsorbed phase density and the maximum adsorption,
and the lower the density of free methane [70]. With an increasing pressure coefficient, the
free gas increases, but the adsorption gas is hardly affected when the burial depth is more
than 2000 m. Overpressure is more favorable for shale gas preservation. Furthermore, the
relatively low geothermal gradient is more beneficial for gas accumulation and preservation.
Therefore, the burial depth is a key controlling factor of the GIP of shale reservoirs.

Li et al. [71] reported that the lower limit of TOC content for the Longmaxi shales
in the southern Sichuan Basin should be 1.0%, while the lower limit of porosity should
be 1.2%. Zhao et al. [13] considered that the enrichment conditions of economic marine
shale in South China should include TOC > 2%, porosity > 3%, and gas content > 2.5 m3/t.
In addition, the type of organic matter is also a very important factor in determining the
lower limit index of shale. Therefore, we consider that the evaluation index system of
marine shales may not be suitable for the marine—terrestrial transitional Permian shales.
The Permian shales should have higher TOC content (e.g., >5%) and higher porosity
(e.g., >3%) for blocks with preferential development potential. In addition, the Permian
shale blocks with larger burial depths (>2000 m) and fluid overpressure conditions are the
most promising breakthroughs in the Lower Yangtze area.

5. Conclusions

Based on the high-pressure adsorption characteristics and methane storage capacities
of the Permian shales with type III kerogen in the Lower Yangtze area, the following
conclusions have been drawn:

(1) The maximum adsorption and adsorbed phase density of the Permian shales are
mainly constrained by TOC content and temperature, which are positively related to
TOC but adversely related to temperature. The micropores are the most important
carriers for providing sites for methane adsorption.

(2) The methane adsorption capacity of Permian shales is significantly lower than that of
the marine shales, which is mainly due to undeveloped organic pores. The type of
organic matter is also another key factor affecting the MSC of shale.

(3) The evaluation index of marine shales may not be suitable for the marine—terrestrial
transitional shales. The Permian shales with development potential in the Lower
Yangtze area should have a higher TOC content (e.g., >5%) and porosity (e.g., >3%).
The overpressure stable reservoirs with rich-organic shale and deep burial depth are
preferred to be selected for the next exploration.
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