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The Wufeng-Longmaxi Formation shale in Sichuan Basin is the main strata of shale gas exploration and devel-
opment in China. Adsorbed methane is an important part of the total shale gas content. The influence of shale
composition on adsorption characteristics is complex, and it is difficult to obtain a comprehensive understanding
without a sufficient amount of data. In this work, the total organic carbon (TOC), X-ray diffraction (XRD) mineral
analysis, and the excess methane adsorption isotherms with pressure up to 50 MPa at 40 °C of 106 overmature
shale samples with TOC of 0.8%-9.0% and clay content of 2%-58% that belong to Wufeng-Longmaxi formation
from 10 shale gas wells in Sichuan Basin, China are experimentally investigated and analyzed. New correlations
found between compositions and methane adsorption characteristic parameters guide the establishment of a
composition-based methane adsorption model that the excess adsorption isotherm of shale is the content-
weighted sum of equivalent unit-content excess isotherms for organic matter and clay. With this model, the
differences of excess isotherms of these two compositions and the differences of clay-contribution to methane
adsorption for different sublayers are disclosed. It is beneficial to improve the accuracy of shale reservoir
evaluation of studied blocks under the condition of limited coring and deepening the understanding of the un-
derlying mechanism of methane adsorption characteristics.

1. Introduction

The black shales from the Upper Ordovician Wufeng Group (Osw)
and the lower part of Lower Silurian Longmaxi Group (S11) in the
Sichuan Basin are currently the main strata for shale gas exploration and
development in China [1,2]. The shales of these layers have relatively
high organic matter content, developed nano-pores, large specific sur-
face area, and have strong adsorption capacities for methane which is
the main component (more than 95%) of shale gas [3-5]. Adsorption
increases the total gas content of shale reservoirs, which is higher than
that of conventional natural gas reservoirs under the same formation
temperature, pressure, porosity, and gas saturation. On the other hand,
the adsorbed gas amount changes with pressure, resulting in a different
dynamic process of gas production from conventional natural gas
[6-10]. Therefore, it is very important to accurately obtain the varia-
tions of adsorbed methane amount of gas-bearing shales.

The isothermal adsorption experiment is the main method to obtain

the adsorbed methane amount of shale samples [11]. In the early stage,
studies were mainly conducted on shale with relatively shallow burial
depth and low formation pressure. The maximum balance pressure of
the isothermal adsorption experiment was generally lower than 20 MPa.
The results showed that the amount of adsorbed methane increased first,
then there is a slight decrease or increase or flattening as pressure in-
creases [12-24]. In recent years, researchers have used gravimetric and
volumetric methods to conduct isothermal adsorption experiments in
higher pressure ranges. More and more studies have shown that the
measured adsorption isotherms have the characteristic of first rising and
then falling as pressure increases [25-34]. Researchers have modified
the classical adsorption models to fit experimental excess adsorption
isotherms through the addition of adsorbed-phase density [35,36]. The
results show that the modified Langmuir model and Toth model both can
fit the measured excess adsorption isotherms well [37]. Of the two, the
modified Langmuir model only has three parameters, namely the
Langmuir volume Vi, the Langmuir pressure Py, and the adsorbed-phase
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density pags, Which are the simpler.

Establishing relationships between adsorption characteristic pa-
rameters and geochemical, mineralogical, and petrophysical parameters
is a key issue geologically for scientists and engineering. Several studies
have been carried out on the Wufeng-Longmaxi shale in the Sichuan
Basin. Existing studies mainly focus on the maximum adsorption ca-
pacity (represented by V1) and have clarified that it positively correlates
with TOC (total organic content) and specific surface area. Some studies
have shown that the clay also has a certain contribution to methane
adsorption [12,15,18,38-41]. The mechanism that Vi relates to
adsorption sites that can be provided by organic matter and clay min-
erals together is easier to understanding. Unlike Vi, there are few dis-
cussions about Py, and pags [35,42-44] that relate to the change of
adsorption amount with pressure. The understanding of the controlling
factors of the differences in the shapes of excess isotherms is still very
limited. Researches are often conducted on a small number of samples in
a well or multiple wells. The correlations have not been comprehen-
sively examined and analyzed, and whether existing ones are applicable
in a wider range is uncertain [26,27,43,45]. In this study, 106 shale
samples from the Upper Ordovician Wufeng Group (Osw) and the lower
part of Lower Silurian Longmaxi Group (S11) in 10 shale gas wells in the
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Sichuan Basin, China are experimentally investigated. The total organic
content (TOC), mineral composition, and high-pressure adsorption iso-
therms at the same temperature and pressure range of these samples
were measured. The distribution of these parameters and their correla-
tions are comprehensively analyzed. A composition-based model for
methane adsorption amount under different pressures proposed based
on the correlations result and the existing understanding of shale gas
adsorption mechanism. The article is arranged as follows: Section 2 in-
troduces the sample information and the methods used in this work,
Section 3 introduces the results and discussion, and finally, conclusions
are drawn.

2. Samples and methods
2.1. Samples’ information and schematic workflow

The 106 studied shale samples with burial depth between 1500 m
and 4400 m are from the Wufeng Formation (Osw) and the 811111- 511114
sublayers of Longmaxi Formation (S;1) of 10 wells in the Sichuan Basin,
China. The locations of the wells are depicted in the upper-left corner of
Fig. 1, including the AS31, BS22, NS2, RS7, RS2, RS4, RS5, TS2, BS13,
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Fig. 1. The locations of studied shale gas wells and the schematic workflow of this study.
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and SS1 wells that belong to the Changning, Weiyuan, Luzhou, and Yuxi
blocks of PetroChina. For each well, 6-18 samples are selected, and the
upper-right corner of Fig. 1 shows the distribution of samples in the
vertical direction in the RS4 well, for example. The TOC, XRD mineral
content (lower-left corner of Fig. 1), and high-pressure methane
adsorption isotherm (lower-right corner of Fig. 1) are measured for each
sample. Vi, Py, and pags are the typical characteristic parameters for
methane excess adsorption isotherms (details about their control on the
isotherm shape in Section 2.3). Correlations between TOC, mineral
content, and thses parameters are performed to instruct the construction
of the composition-based model.

2.2. Experimental approaches

2.2.1. TOC, mineral content analysis

The samples are analyzed at Keyuan Engineering Testing Center,
Sichuan, China. Before analysis, all shale samples were pretreated to
meet the requirements of the experiment. TOC was measured using a
Leco CS-400 carbon/sulfur analyzer. Firstly, hydrochloric acid was used
to remove inorganic carbon in samples. After drying, the de-carbonated
samples were heated to 1200 °C under oxygen flow to convert the
organic carbon into carbon dioxide. Mineral compositions were deter-
mined using an X-ray diffractometer (XRD). All the samples were
crushed into a fine powder and then analyzed with a Panalytical X Pert
PRO MPD X-ray diffractometer with Cu Ko radiation (40 kV, 40 mA) at a
scan rate of 2°/min over an angular range of 5°-45°.

2.2.2. Methane isothermal adsorption experiment

About 100 g of the crushed and sieved sample with a diameter be-
tween 0.84 mm and 2.36 mm (8 to 20 Mesh) are used to measure
methane adsorption isotherm. This mesh size is chosen considering the
proximity to the core and the ease of sample preparation. Before anal-
ysis, the samples are all dried and vacuumed at 110 °C for 7 h to fully
exhaust the impurity gas and water content in the inner void space.

The measurement is all performed at 40 °C using a high-pressure gas
adsorption analyzer (3H-2000PH690, developed jointly by the Institute
of Mechanics, Chinese Academy of Sciences and BeiShiDe Instrument)
with the operating temperature range of 20 °C-140 °C and the pressure
range of 0-69 MPa using the volumetric method. It is known that the
adsorption amount is influenced by temperature and pressure. To con-
trol variables, the temperature is set to be the same. The influence of the
temperature on methane adsorption is not the focus of this work and will
be investigated in the future. Considering that the adsorption amount
decreases as temperature increases, measurements at relative-low tem-
perature (40 °C) will have a higher signal-to-noise ratio. Additionally, it
is safer, high efficient, and more energy-saving.

The excess adsorbed amount Vex(pi+1) (ml/g) at the (i + 1)th balance
pressure point p;;1 (MPa) is determined following Eq. (2).

Zi Zi1)2 Zit

22400 (M Vsample + Piz1/2Voase  pis1 Voase+Pis |Vm,,‘p:g>

Vm(PiH) = Vex (Pz) + (2)

mRT

where Ve is the volume of the base chamber (ml), Vsample is the void
volume of the sample chamber (ml) including the void space of the
sample when the sample is loaded, pi;1,2 is the intermediate pressure
(MPa) of the base chamber after the methane intake when the valve
between the base chamber and the sample chamber is closed, Z;, Z; 1,2
and Z;, are the compressibility factors at the corresponding pressures,
m is the mass of the sample, T is the temperature (K), and R is the
universal constant of gas (8.31441 J/mol/K). The Setzmann and Wagner
(Se-W) equation of state (EOS) which is proved to predict free methane
density at high pressure more accurately than Peng-Robinson EOS
[46,47], is used to determine the free-gas density and compressibility
factor of methane at different pressure [48].
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2.3. Fitting of adsorption isotherms

The modified Langmuir equation (MLE, Eq. (3)), which includes
three parameters (Vy, P1, and p,gs) is often used to fit an excess isotherm
Vex(P)

Vaulp) = (P—VL” ) (1 f@) ®

L+Pp Pads

where V|, denotes the maximum adsorbed amount (g/ml), P; denotes the
Langmuir pressure (MPa), p,qs denotes the adsorbed-phase density (g/
cms), and pfree denotes the free-gas density (g/ em®) at pressure p (MPa).
It should be noted that the mathematical form of the modified Langmuir
equation is utilized here because it has fewer parameters that have
relatively clear physical meaning that is easy to understand. It does not
mean the methane adsorption in shales under the reservoir condition
follows Langmuir monomolecular layer adsorption mechanism.

As shown in the lower-right corner of Fig. 1, Py, corresponds to the
pressure where the adsorption amount reaches 1/2 of the maximum
adsorption amount. It can be used to represent the rate of initial increase
of the adsorption amount with pressure. The smaller the P;, the faster
the rising speed. pags correlates to the descending slope of the isotherm
at the high-pressure range. The higher the p,qs, the smaller the absolute
value of the descending slope. These three parameters have certain
physical meanings, which can help to understand the characteristics of
methane adsorption.

3. Results and discussion
3.1. TOC and mineral composition

The distributions of TOC and XRD clay content (TClay for short) are
shown in Fig. 2. The TOC values of the studied samples range from 0.8%
to 9.0%, with an average value of 3.5%. The TClay values range from 2%
to 58%, with an average value of 24.5%, while the XRD quartz content
ranges from 9% to 77%, with an average value of 42.5%.

Fig. 2 shows the histograms (bars) of TOC and TClay with the fitted
mean (p) and standard deviation (o) listed above the graphs. Performing
Jarque-Bera hypothesis tests [49] with null hypotheses that TOC and
TClay follow the normal distribution, respectively. P-values are 0.5,
0.08, which are larger than 0.05, indicating that TOC, TClay are nor-
mally distributed. The fitted normal-distribution probability density
functions (dotted line) are also depicted in Fig. 2. The normal-
distribution characteristics of data provide a basis for subsequent cor-
relation analysis and enhance the statistical significance of analysis.

From the mineralogical ternary diagram shown in Fig. 3, it can be
seen that in general, the quartz and feldspar content of shale in these
layers are relatively higher, with an average of 51.3%. The average clay
content is 24.5%, and the average carbonate content is 23.9%. In terms
of sublayers (Fig. A1), samples of S11;1! have the highest quartz content
overall. Samples of $11112 have a relatively higher carbonate content
than samples of S1111° and Sil11* overall. Samples of S1111* have a
relatively higher clay content than samples of S111:3, and samples of
S1111° have a higher clay content than samples of S;1;;2 overall. The
mineral components of the studied samples cover a wide range, which
can ensure that the relationships obtained here have a wide range of
applicability.

3.2. Methane adsorption characteristic parameters

The adsorption isotherms at 40 °C for all samples are shown in Fig. 4.
The adsorption isotherms of all samples show a trend of rising first and
then falling as pressure increases. The reason is that what can only be
obtained by experiments is the excess adsorbed amount, that is, the
amount of gas in the adsorbed phase that exceeds the bulk phase. The
total amount of gas in the adsorbed phase is generally called the absolute



W. Jiang et al.

25 0.25
20 0.2
>
% 15 0.15 "
% 2
e 10 0.1

0.05

0 2 4 6 8
TOC (%)

Chemical Engineering Journal 429 (2022) 130766

=245, 0=12.4

20 1 0.035

10.03

-
4)]

10.025

1002
°
Q
10.015

Frequency
=

10.01

0.005

0
0 20 40 60

TClay (%)

Fig. 2. Distributions of TOC and TClay.

Total Clay(%)
0 100

100

0 20 40 60 80 100
Carbonate(%) Quartz+Feldspar(%)

Fig. 3. Ternary diagram of the XRD mineral composition for the study
shale samples.

adsorbed amount. At low pressure, the bulk-phase density is signifi-
cantly smaller than the adsorbed-phase density, and the difference be-
tween excess and the absolute adsorbed amount is small. At high
pressure, the bulk-phase density is comparable with the adsorbed-phase
density, and the difference between the excess and the absolute
adsorption amount becomes greater. As the pressure increases, the
adsorbed phase approaches saturation, and the growth rate of adsorbed-
phase density is slower than that of bulk-phase density. Therefore, the
excess adsorbed amount shows a downward trend as pressure increases.
This mechanism is well demonstrated by the molecular simulation of
methane adsorption in nanochannels [37].

The conversion from the excess adsorbed amount to absolute
adsorbed amount has a variety of schemes and different results due to
the different methods used to determine the adsorbed-phase density
[37]. From the perspective of total gas content, without conversion, it
can be determined directly based on excess adsorbed amount and
porosity, gas saturation, temperature, and pressure [50]. Therefore, it is
more direct and unique to use excess adsorption isotherm to describe the
gas adsorption characteristic of shale samples.
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Fig. 4. Adsorption isotherms at 40 °C of the studied samples.

The three-parameter Langmuir equation (Eq. (3)) was used to fit all
the adsorption isotherms, respectively. All the fittings are satisfactory.
The minimum value of adjust R?s obtained was 0.98, the maximum
value was 1.0, and the average value was 0.99. Therefore, the variation
of adsorbed amount with pressure can be described with the three-
parameter Langmuir equation, Vi, Py, and pags. It is more convenient
to use three parameters instead of isotherms with 10-12 data points for
further analysis and predictions.

The Vy, of all samples ranges from 1.1 ml/g to 5.9 ml/g, with an
average of 3.3 ml/g. P; ranges from 1.3 MPa to 3.6 MPa, with an average
of 2.2 MPa. p,gs ranges from 0.27 g/cm?> to 0.42 g/cm?>, with an average
of 0.34 g/cm®.

Fig. 5 shows the distribution of these three parameters. Performing
Jarque-Bera hypothesis tests with null hypotheses that the above three
parameters follow the normal distribution, respectively, p-values are
0.50, 0.09, and 0.50, which are larger than 0.05, indicating that the Vi,
log(PL), and pags values are normally distributed. The mean values and
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Fig. 5. Distributions of Vi, Py, and pags.

the standard deviations of Vi, Py, and pags are determined by distribution
fitting and are listed above the figures in Fig. 5.

The maximal information coefficient (MIC) and Pearson correlation
coefficient r [51] are used to analyze the correlations between Vi, Py,
and pags. The MIC can identify both potential linear and nonlinear re-
lationships [52] and is calculated using the minepy library [53] in this
work. For data with MIC larger than 0.5 and linear relationship indi-
cated from the scatter plot, Pearson correlation coefficient is used to
further evaluate the strength of correlation. Further, the data points are
also linearly fitted, and the determined adjusted R? (adjusted r-square,
an indicator for the goodness of fit) are calculated and used as another
indicator of relevance. It can be seen from Fig. 6 that the points are
somewhat scattered in a wide band. The MICs for correlations between
the every two of Vi, Py, and p,gs are all smaller than 0.5, indicating that
Vi, Pr, and p,gs are relatively independent and need to be analyzed
separately.

3.3. Correlations between geochemical, mineralogical, and methane
adsorption parameters

Gasparik et al., (2012) observed that the overall sorptive potential
and the shape of excess sorption isotherm of shales is a rather complex
function of organic and inorganic composition and maturity (and hence,
the pore structural character) of shales and suggested that investigations
involving a multivariate statistical approach on a larger data set are
necessary to elucidate the role of each of these variables in the gas
sorption process in shales [14]. The studied shales in this work are
overmature and the variations of TOC-normalized maximum adsorption
capacity and Py, are small according to existing researches [42,54] at the
overmature stage. Therefore, the correlations between the geochemical

331 V
Studies have indicated that the dominant adsorption process of
methane on shales belong to physical adsorption [25] and are controlled
by the physical (van der Waals forces) bonding of the gas and the solid
molecules. Given that Vy, represents the theoretical maximum absolute
sorption capacity, it relates to the number of adsorption sites that might
be provided by organic matters and minerals. Therefore, multivariate
linear fitting with a zero intercept (Eq. (4)) can be done between V}, and
TOC, TClay, quartz, and feldspar (XQF), carbonate content (XCA) to
investigate the contributions to adsorption sites of different contents.

C)

The best-fitting parameters and corresponding standardized regres-
sion coefficient (src) are listed in Table 1. The standardized regression
coefficients [55] indicate the strength of the relation between Vi, and
each component. TOC and TClay are found to be the two main con-
trolling factors of Vi, as their standardized regression coefficients are an
order of magnitude larger than others. Based on this, organic matter and
clay minerals probably provide most of the adsorption sites. Therefore,
the correlations between methane adsorption characteristic parameters
and TOC, TClay in the subsequent sections.

The correlations have been performed between the Langmuir volume
Vi and TOC, TClay to further analyze the effect of TOC and clay content.
It can be seen from Fig. 7 that Vi, and TOC have a strong positive linear
correlation with a MIC of 0.70 and a Pearson r of 0.78, and the adjusted
R? of the linear fitting is 0.61. This relationship has also been reported
for other shales [24,54,56,57]. Considering the direct correlation

Vi = b, TOC+ b, XCC + b3 XQF 4 b, XCA

Table 1
Best-fitting parameters for Eq.(4).

(TOC), mineralogical (XRD clay content) and methane adsorption (V, 1 (TOC) 2 (TClay) 3 (XQF) 4 (XCA)
Py, and p,gs) parameters are mainly analyzed to disclose the main con- by 0.546 0.043 0.006 0.003
trolling factors that affect the adsorption characteristics. Vi, Pr, and pags sre; 0.917 0.554 0.089 0.058
are analyzed, respectively.
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analysis between Vi, and TClay may be interfered with by TOC due to the
variation of TOC with the same TClay for different samples, TOC-
normalized Vi, is used instead. Fig. 8 indicates that clay content also
has a positive influence on Vi, which indicates that the adsorption sites
can be provided by clay minerals. It can be supported by scanning
electron microscopy images that clay interlamellar pores are the most
common interparticle pores in Wufeng-Longmaxi shale and are believed
as the most significant inorganic pores for hydrocarbon considering
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their quantity and connectivity [58].

332 P

Langmuir pressure Py, can represent the shape of the low-pressure
section of an excess adsorption isotherm. Lower P indicates that
methane is adsorbing more readily at lower pressure and the affinity of
solid surface for methane is higher. The correlations between the
Langmuir pressure P; and TOC, TClay are shown in Fig. 9. It can be seen
that there are negative and positive linear correlations between Py, and
TOC, TClay, respectively. In other words, these two trends are exactly
opposite, that is, P;, decreases with increasing TOC but increases with
increasing clay content.

Just looking at the correlations between P, and TOC, the explanation
might be that affinity increases for high organic content [42]. However,
it cannot explain the decrease of Py, with increasing TClay as the re-
lationships between affinity and content should be in the same direction.
From the perspective of the physical adsorption mechanism, the possible
explanation might be that Py, of organic matter and clay basically do not
change with their respective contents or change little, and the variations
of Py, of shale are mainly caused by the different combinations of the two.
It can be supported by the correlation between Py, and the ratio of TClay
to TOC shown in Fig. 10 and the goodness of fit (adjusted R? = 0.74) is
significantly higher than any of Fig. 9. It can be inferred that Py of
organic matter is smaller than the Py, of clay minerals indicating that the
affinity of methane to organic matter is stronger than to clay minerals
which is consistent with existing understandings [24,59].

3.3.3. pads

pads can represent the shape of the high-pressure section of an excess
adsorption isotherm. The correlations between the adsorbed-phase
density pags and TOC, TClay are shown in Fig. 11. It can be seen that
the pags and TOC are somewhat positively linear correlated and the
points are scattered in a wide band with MIC = 0.61 and Pearson r =
0.59. The MIC for pags TClay is 0.26, indicating weak correlations.
Assuming that similar to Py, pags of a single component basically un-
changed or change little with the content, based on the above correla-
tion analyses, it can be inferred that the value of p,qs of organic matter is
larger than that of clay minerals.

3.4. A composition-based predictive models for shale methane adsorption
amount

Through multivariate statistical analyses on the large data set of 106
shale samples from different layers and wells, it is possible to disclose
the complex function between methane adsorption characteristics and
composition. The excellent fit of the excess adsorption isotherms of the
samples indicates that the modified Langmuir equation (MLE, Eq. (3))
with Vi, Pp, and p,gs can capture the maximum adsorption capacity
along with the shape, namely, the variations of adsorption amount with
pressure.

The fact that the main adsorption sites (indicated by V) are provided
by organic matter and clay minerals is relatively clear as it can be sup-
ported in several ways [60], including the founded organic and clay
pores from SEM images [58], the positive correlations between Vi, and
TOC, TClay and also the dual-site adsorption equation of shale gas
proposed by Tang et al., [61]. In comparison, there is still a big gap in the
understanding of how organic matter and clay control the shape of
adsorption isotherms. Previous researchers have superimposed the
adsorption isotherms of kerogen and pure clays and compared them
with the isotherms of shale [13,15,19] and found it is only valid for some
samples. It has been found that samples collected from outcrops or
shallow wells might be unrepresentative for shale gas exploration [14].
Whether the pure clays or kerogen extracted from a specific sample can
represent the inorganic and organic of real shales is still questionable.

Through the foregoing analysis, it is believed that the shape of excess
isotherm at low pressure (indicated by Pp) is controlled by the
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composition of organic matter and clays rather than their individual
contents. The shape at high pressure (indicated by p,gs) has a similar
characteristic with high probability. Therefore, it is reasonable to put
forward the hypothesis that for overmature shale in the studied area and
formations the difference between isotherms of unit organic matter and
clay is significantly greater than the possible difference within them that
may be caused by the differences in maturity of organic matter, clay
mineral type composition, pore size distribution, and other aspects, and
an equivalent excess isotherm can be given for the organic matter and
clay mineral respectively. A composition-based model can be proposed
that the excess adsorption isotherm of shale is the content-weighted sum
of equivalent unit-content excess isotherms for organic matter and clay
as follows.

Lo P _ Prree Loy P

v, v,
Vo(p) = TOC [ —2=2 | (1 — 2 ) 4 TClay 1
PLo, +P Pads PLiy, TP

where, V., P1,,, and p,q,,, are the three characteristic parameters of the
methane adsorption isotherm for a unit (1% TOC) organic matter, and
Viiy» PLog,and pog,, are those for unit (1%) clay content. In this study,

_ /) free
P adsciay

(5)

there are 10 to 12 data points (pressure p versus adsorbed amount V) in
a measured adsorption isotherm for each sample, and the number of
data points in total is 1270 with 106 shale samples. These six unknown
parameters can be determined through the nonlinear fitting of the
1270p-Vex data. The initial values of Vi, and Vi, for nonlinear fitting
are the smallest and largest

clay

are by and by of Eq. (4); Those of megand DL

clay
values obtained from experiments, respectively, and those of py4,, and

Padsqy, AT€ the largest and smallest experimental values, respectively.

The best-fitting results are listed in Table 2, and the adjusted R? is
0.92. Predictions using Eq. (5) and the best-fitting parameters are done
on the 1270 data point and show a strong linear correlation with the
experimental results with a Pearson r of 0.96, and the average and
standard deviation of errors are 0.0 and 0.2 ml/g, respectively (Fig. 12).
95% of the errors are distributed between —0.40 ml/g and 0.48 ml/g,
Therefore, the composition-based model is quite acceptable in engi-
neering applications.

The predicted excess isotherms with the model for 0.6% TOC, 10%
TClay and different combinations of TOC and TClay are plotted in
Fig. 13 to provide an intuitive impression of the equivalent excess
adsorption isotherms of the organic matter and clays . he maximum
excess adsorption amount of 0.6% TOC is close to that of 10% TClay,
while the organic matter adsorbs methane more readily than the clay
mineral at low pressure and the methane adsorption amount decreases
slowly at high pressure for organic matter.

The predicted excess isotherms with the model for 0.6% TOC, 10%
TClay and different combinations of TOC and TClay are plotted in
Fig. 13 to provide an intuitive impression of the equivalent excess
adsorption isotherms of the organic matter and clays . The maximum
excess adsorption amount of 0.6% TOC is close to that of 10% TClay,
while the organic matter adsorbs methane more readily than the clay
mineral at low pressure and the methane adsorption amount decreases
slowly at high pressure for organic matter.

Fig. 14 shows the distribution of TClay/TOC of the studied samples.
It can be seen that a certain number of samples has a ratio larger than 10,
and the median value of TClay/TOC for the samples of the Sqliq?
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Table 2
Best-fitting parameters for Eq.(5).
Parameter Vi, Pl Padss & Vi PLug Pads.e, (&/
(ml/g) (MPa) cm®) (ml/g) (MPa) cm®)
Value 0.606 1.31 0.384 0.059 6.78 0.277

sublayer is over 15 and the contribution of clay to the total adsorption is
comparable to that of organic matter. The contribution of clay is lowest
in the Sql31" sublayer overall.

With the model, the excess adsorption isotherm with a wider range of
combinations of TOC (0-10%) and TClay (0-80%) can be calculated and
fitted with Eq. (3) to determined V, Py, and pags- The variations of these
three parameters with content are shown using contour (left) and 3D
surfaces (right) in Figs. 15, 16, and 17, respectively. The black squares in
the left graph and the three-dimensional scatter bars in the right both
denote the experimental data and the fitted experimental parameters in
this study. The magnitudes of the parameters are indicated by the colors
of the surfaces and bars, also the heights of the bars. The changing trend
with TOC and TClay and magnitude of fitted experimental adsorption
parameters are generally consistent with those of the fitted predicted
parameters. The fluctuation of p,gs is relatively larger among the three,

5 Ad. R®=0.92, Pearson r=0.96
oS4
E
B3
o
£
©
82
12
©
o
a

0

0 1 2 3 4 5

measured amount (ml/g)

(a)

which may be due to its small variation range, and that it correlates the
descending slope of the isotherm at high-pressure range which may be
influenced by other unknown factors that need further investigation,
such as pressure sensitivity of sample skeleton volume, etc [60].

It can be seen that the relationship between V|, and TOC, TClay is
approximately bilinear, and a weak nonlinear phenomenon exists when
TOC is low and Clay is high. Therefore, it is easier to be identified by
multivariate linear fitting. Due to the nonlinearity of the modified
Langmuir equation, the changing of Py and pags with TOC and TClay
show great deviations from a bilinear relationship on the whole. It
should be noted that the understanding obtained through correlation
analysis is sensitive to samples that are used, and it might have
considerable limitations without a sufficient number of samples with
various compositions.

With this model, it is able to quickly and relatively accurately predict
methane excess adsorption isotherms at 40 °C for the overmature
Wufeng-Longmaxi shale in the Sichuan Basin, China once the
geochemical and mineralogical parameters are obtained. Furthermore,
the adsorbed amount at different temperatures can also be further pre-
dicted using existing relationships such as the adsorption potential
theory, adsorption heat theory, etc. [20,44,45,62], which is beyond the
scope of this study and will be investigated in future work.

400 p=-0.0, 0=0.2
300
>
[S]
5]
2 200
o
-
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Fig. 12. Correlations between predicted and measured amount (a) and error distribution (b).
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4. Conclusion

The study aims to disclose the complex relationship between organic,
inorganic composition and adsorption capacity, shale of excess adsorp-
tion isotherm that continues to receive attention but has not been fully
understood. Composition analyses and methane adsorption experiments
with pressure up to 50 MPa are performed on 106 shale samples with
TOC of 0.8%-9.0% and clay content of 2%-58% that belong to Wufeng-
Longmaxi formation from 10 shale gas wells in Sichuan Basin, China.
The studied parameters all follow normal distributions, except that Py,
follows lognormal distribution, which ensures that the understanding
obtained here has a wide range of adaptability. With such a large data
set, correlations between compositions and adsorption characteristic
parameters promote the understanding of the roles of compositions on
shale gas adsorption which includes: i) the main compositions that
control methane adsorption characteristics are organic matter and clay
in the studied formations and blocks, ii) the shape of excess isotherms is
controlled by the composition of organic matter and clays rather than
their individual contents, iii) organic matter adsorbs methane more
readily than clay at low pressure and has an isotherm with a slower drop
in high-pressure section. A composition-based methane adsorption
model has been proposed that the excess adsorption isotherm of shale is
the content-weighted sum of equivalent unit-content excess isotherms
for organic matter and clay. With this model, it is determined that shales
from $;131* sublayer have a larger clay-contribution to methane
adsorption than those from S;lj;* sublayer.

This model is proposed for the overmature shale samples in Wufeng
and Longmaxi Formation, Sichuan Basin, China. The corresponding
equivalent unit-content excess adsorption isotherms for each

TClay / TOC
— )
o (=}

]

—
o

0 —IE

Ozw Sl[}] Sllfl 511?1 Sll]\l
Sublayers

Fig. 14. The pie plot (a) and boxplot (b) of TClay/TOC of the studied samples.
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Fig. 17. Variation of p,gs with TOC and TClay.

composition of shales in other blocks or from different formations might
be close to or different from the studied shales here due to the maturity
and other factors and further work is needed. However, the framework
of this model can be migrated to that might be immature and identify
them and inspire the sample selection and make it more targeted, saving
cost and time expense.
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