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ABSTRACT

Since the mechanisms of methane-mudstone interactions are important for estimating shale gas re-
serves, methane adsorption under supercritical conditions of 30 MPa pressure and 303.15, 333.15,
363.15 K temperatures was studied to measure the excess methane adsorption in two mudstone samples
from Yanchang Formation, Ordos Basin. Excess adsorption features inflection points where the amount of
adsorbed gas changes from increasing to decreasing concentrations. Three methods (fixed, slope, and
freely fitted density) were applied to calculate the adsorbed-phase density (paq), which was then used to
fit the measured excess adsorption. Two criteria, the goodness-of-fit and whether the fitting can obtain
reasonable absolute adsorption, were applied to determine the most accurate model. Results indicated
that the supercritical Dubinin-Radushkevich (SDR) model with freely fitted p,q was the most reasonable
model. The volume of adsorbed methane at 363.15 K is close to the micropore (d < 2 nm) volume of the
corresponding mudstone. Considering the actual geological conditions, the adsorbed gas should be
predominantly stored in micropores. Thermodynamic parameters reveal that the methane adsorption on
mudstone is a physisorption process that is jointly controlled by the heterogeneity of, and interaction
forces between the methane molecule and, the rock surface.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

et al.,, 2016). Mudstone/shale is the fine-grained sedimentary rock
composed of organic matter and inorganic minerals (mainly quartz,

Shale gas is gas that is derived from and stored in organic-rich
mudstone/shales. It can be biogenic or thermogenic in origin, or a
mixture of both, and is chemically the same as gases contained in
other environments (Curtis, 2002; Luo et al., 2016a, 2016b; Zhao
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carbonates, and clays), generally with the majority of particles
<0.0625 mm in diameter (Strapoc¢ et al., 2010; Luo et al., 2018, 2020,
2021; Huang et al., 2020a; Wang et al., 2020a; Kuang et al., 2022;
Liu et al., 20203, 2022b). Methane is generally the main component
of shale gas, and it can occur as the adsorbed phase on organic
matter and/or clay particles, as the free phase in intra-/inter-par-
ticle pores and/or fractures, and as the dissolved phase in residual
liquid petroleum and/or other geological fluid (Curtis, 2002).
Among these processes, adsorption is the main mechanism for
shale gas occurrence. Generally, the proportion of adsorbed gas in
the total gas content is 20%—85%, showing the significant difference
among different gas-bearing formations (Curtis, 2002; Tian et al,,
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2016; Chen et al., 2020; Liu et al., 2020a, 2020b). Consequently,
defining mechanisms of methane adsorption on mudstone/shale is
critical in determining the volumes of gas in place (GIP) in shale
reservoirs.

Previous studies of methane adsorption onto mudstone/shale
mainly focused on the excess adsorption test, adsorption correc-
tion, geological factors controlling gas occurrence, and in-situ
adsorption capacity estimation (Guo et al., 2013; Hou et al., 2014;
Rani et al., 2019; Wang et al., 2019a; Huang et al., 2021; Onawole
et al, 2021). Laboratory analyses of methane adsorption are
mainly performed by volumetric and gravimetric methods
(Gasparik et al., 2014; Gao et al., 2020; Han et al. 2022a). However,
the actual temperature and pressure of in-situ gas-bearing forma-
tion are generally much higher than the critical temperature
(190.65 K) and pressure (4.64 MPa) of methane (Li et al., 2018a;
Wang et al., 2019a), and the methane will be present as a super-
critical state. Actually, only the excess adsorption amount can be
measured by laboratory tests. The excess adsorption amounts
correspond to the amount of adsorbed gas that exceeds the free gas
density (Gensterblum et al., 2013; Tang et al., 2017). That is, the
difference between the excess and absolute adsorption amounts is
the amount of adsorbed gas with the same density as the free gas.
When the pressure is low (<~10—15 MPa), the amount of adsorbed
gas is limited and thus its volume is usually ignored. In this case, the
absolute adsorption is considered to be equal to the excess
adsorption. In previous studies on methane adsorption, pressures
up to 10—15 MPa have usually been applied to directly determine
the adsorption capacity (Rexer et al., 2013; Weishauptova et al,,
2017; Huang et al., 2020b). However, when the pressure is gradu-
ally increased, the amount of adsorbed gas correspondingly grad-
ually increases, so that its volume cannot be ignored. In this
situation, the absolute adsorption cannot be directly measured, and
it must be converted from the excess adsorption by using the
appropriate adsorption model and adsorbed-phase density (paq)
(Zhou et al., 2018; Wang et al., 2019a).

Various excess adsorption models applied with different
adsorbed-phase densities can be applied to fit the experimental
adsorption amounts and so determine the adsorption capacity of
different systems (Tang et al., 2017; Li et al., 2018b; Yang and Liu,
2020). Gasparik et al. (2014) used the Langmuir model with freely
fitted p,q to evaluate the geological factors controlling on the gas
adsorption capacity in Posidonia and Scandinavian Alum Shales.
Tang et al. (2017) evaluated the fitting error of nine different
adsorption models on the excess adsorption and suggested that the
dual-site Langmuir model is superior to others from the goodness-
of-fit interpretation of adsorption behavior and prediction of
adsorption isotherms beyond test conditions. Song et al. (2018)
introduced a combination model (L-SDR) of the Langmuir and the
supercritical Dubinin-Radushkevich (SDR) model, and demon-
strated that it can predict adsorption better than the individual
Langmuir and SDR models. Zhou et al. (2018) showed that the
Langmuir and SDR models cannot always obtain reasonable abso-
lute adsorption isotherms when applying the fixed p,q to fit the
excess adsorption. Wang et al. (2019) compared the fitting perfor-
mance of the Langmuir and SDR models with both fixed and freely
fitted paq for Wufeng-Longmaxi Shales and suggested that the SDR
model exhibits the least relative error. Overall, a comprehensive
consideration of multiple factors to optimize the appropriate excess
adsorption model and p,q for specific methane-rock adsorption
processes is critical to define the methane adsorption mechanism
and better evaluate the adsorption capacity.

The mechanism of gas adsorption onto shales/mudstones has
been well investigated by many scholars which mainly focused on
the marine shale (Wang et al., 2021a; Kim and Devegowda, 2022;
Liu et al. 2022a,b,c). However, there is a large number of continental
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organic-rich shale/mudstone developed in China, represented by
the Triassic Yanchang Formation in the Ordos Basin. Therefore,
methane adsorption tests at a pressure of up to 30 MPa at tem-
peratures of 303.15, 333.15, and 363.15 K were conducted on two
Chang 7 mudstones from the Yanchang Formation, Ordos Basin in
this study, to (1) optimize the excess adsorption model to better
interpret the methane-mudstone adsorption behavior and their
thermodynamic behavior; (2) ascertain the diameter range of pore
network where adsorbed methane mainly stored in; and (3) define
the adsorption mechanism of methane onto Yanchang mudstones.

2. Materials and methods
2.1. Sample collection

Two core samples were collected from the Upper Triassic Yan-
chang Formation, Ordos Basin, which is the second-largest sedi-
mentary basin in China (Wang et al., 2017; Guo et al., 2020). These
two samples, sedimented in the lacustrine environment, are gray-
black mudstones with no obvious lamination and were taken
from depths of 2037 m (6683.1 ft) and 2617 m (8585.9 ft) (sub-
surface). The basic sample information is listed in Table 1. Each
sample was ground into grains (passing through 60—80 mesh) to
conduct low-temperature CO, and Ar physisorption isotherms for
pore structure quantification, and to conduct methane adsorption
tests for gas adsorption mechanism determination.

2.2. Low-temperature gas physisorption

Using the QuadraSorb Station 3 apparatus from QuantaChrome,
CO, and Ar physisorption measurements were conducted to
quantify the structure properties of pores <2 nm and of 2—100 nm
in diameter, respectively. Granular samples (60—80 mesh, ~5 g
each) were firstly outgassed under vacuum at 383.15 K for about
12 h to remove volatile materials and adsorbed moisture (Wang
et al., 2019b). The physisorption tests of CO, and Ar were con-
ducted at 273.0 K and 87.4 K, respectively, with relative pressures
[balance pressure (P)/saturation pressure (Py)] are 0.004—0.029 and
0.003—-0.998, respectively. Compared with Ny adsorption at 77.3 K,
Ar adsorption at 87.4 K can provide isotherms with a high pore size
resolution (Wang et al., 2020b). Additionally, the commonly used
Barrett-Joyner-Halenda (BJH) model has been shown to underes-
timate the pore characteristics for narrow mesopores with di-
ameters less than 20 nm by as much as 20%—30% (Thommes et al.,
2015; Psarras et al., 2017). Therefore, the density functional theory
(DFT) model was utilized to interpret adsorption data and obtain
the pore structure properties, including pore volume (PV), specific
surface area (SSA), and pore size distribution (PSD) (Wang et al.,
2021b, 2022; Han et al. 2022b).

2.3. High-pressure CH4 adsorption

2.3.1. Adsorption measurement

A highly sensitive magnetic suspension balance (ISOSORP-HP Il
Static from Rubotherm with precision of 0.01 mg) was applied to
obtain methane adsorption isotherms at the specific temperatures.
Methane adsorption tests were conducted at temperatures of
303.15, 333.15, and 363.15 K (+273.25 K) with pressures of up to
30 MPa, which is higher than the critical temperature and pressure
of methane; therefore, adsorption was under supercritical condi-
tions. The test procedure generally includes four steps. The first
step is to conduct blank measurement (using He gas) at the target
temperature and within a pressure range of 0—7 MPa to determine
the mass and volume of sample container (mMcont, Veont). The sam-
ples (60—80 mesh, ~5 g each) were then loaded into the container
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Table 1
Basic geochemical and mineralogical information of samples.
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Sample  Well Depth, m TOC,% R, % S, mg/grock Sy mg/grock  Tmax,  HI, mg/g TOC  Mineral composition, %

¢ Quartz  Carbonates  Clays Feldspar  Pyrite
Y-1 C96 2617 5.97 0.66 3.11 20.55 442 344 16.7 2.2 35.8 115 33.8
Y-2 X44 2037 422 0.55 117 15.81 446 375 38.6 2.1 52.3 1.8 5.2

TOC: total organic carbon; R,: vitrinite reflectance; Sy: free hydrocarbon content; S,: remaining petroleum generation potential; Tr,ax: temperature at peak pyrolysis yield; HI:

hydrogen index, HI=S,/TOC.

and vacuum dried (378.15 K, 12 h) to eliminate the adsorbed
moisture and other volatile components. Subsequently, a buoyancy
measurement was conducted to determine the mass and volume of
the sample (Msamp, Vsamp) Vvia the same process as the first step.
Finally, adsorption amounts were collected at 15 different pressure
points between 0 and 30 MPa by using pure methane (99.99%) with
equilibration time at each pressure point of at least 60 min.

The balance reading (mmeas) equals the difference between the
sample mass, sample container, adsorbed methane, and the buoy-
ancy applied to the sample and sample container. Then, the mass of
adsorbed methane (m,q) can be expressed as:

Myq = Mmeas — (msamp + mcont) + Pp- (Vsamp + Vcont) (1)
where pp, is density of free-phase methane at experimental
conditions.

2.3.2. Gibbs excess adsorption

Previous studies on methane adsorption have shown that the
measured methane adsorption uptake reaches a peak at a pressure
of about 10—15 MPa (Wang et al., 2019a). This phenomenon is the
Gibbs excess adsorption (Gensterblum et al., 2013; Weishauptova
et al., 2017). The excess adsorption amount (nex) equals the
portion of absolute adsorption amount (n,p) that exceeds the bulk
gas density:

Nex = Map — VapPp = Map (1 — pb/pad) (2)
where V,p, is the volume of adsorbed methane.

An appropriate model based on Gibbs adsorption theory is
needed to fit the excess adsorption isotherms and calculate the
absolute adsorption content, which is critical to assess the in-situ
adsorbed gas content. Various fitting models based on different
adsorption assumptions, such as Langmuir, SDR, and their revised
forms, have been applied to simulate the adsorption isotherms
(Gasparik et al., 2014; Weishauptova et al., 2017).

Assuming that the adsorbent surface is homogeneous and gas is
monomolecular-layer adsorbed on it, the Langmuir model can be
expressed as (Thommes et al., 2015):

Nap =To PL% (3)
where ng is the absolute adsorption capacity; P is the Langmuir
pressure at half of the adsorption capacity.

However, mudstone is heterogeneous due to its complex
composition and the wide range of pore size distributions (Guan
et al, 2020; Wang et al,, 2022). The SDR model, therefore, was
also applied to illustrate the gas adsorption on the mudstone sur-
face in this study. It is based on the micropore filling assumption,
and can be shown as:

oo o n(28)]'

where D is an interaction constant, D=(RT/BE)?. R is the universal

(4)
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gas constant; T is the temperature (K); 8 is the adsorbate affinity
coefficient; E is the characteristic energy (Tang et al., 2017).

According to Eq. (2), the Langmuir- and SDR-based excess
adsorption models can be shown as,

1- &)
Pad

n(5)]}(-72)
Pb Pad
Additionally, it has been observed that gas adsorption and ab-
sorption will occur concurrently during methane sorption (Dang
et al.,, 2020). To interpret this phenomenon and further improve
the fitting performance of isotherms, the absorption modeled by
the Henry component was added to the above excess adsorption

equations (Tang et al., 2017), which could be named as Langmuir-
and SDR-Henry model, respectively,

p
"e":”O‘PL+P'( )

(6)

Nex = n0~exp{ —D-

Pb Pb
Nex = MNp- A 1T-—) +k -(17—) 7
o 0 PL+P ( pad) P Pad <
Pad g Pp Pb
Nex =Mg-€xpy —D- ln(i)] ( ——)+k4 ( ——)
e p{ { Pb Pad & Pad
(8)

where k is an empirical parameter.

Unknown parameters in Eqgs. (5)-(8) can be determined by
fitting the experimental adsorption amount by a least squares
minimization, with the fitting coefficient (R?) generally higher than
0.99 (Wang et al., 2019a).

2.3.3. Methods for determining the density of adsorbed methane
(pad)

In order to calculate absolute adsorption, the p,q must be
determined. However, the p,q cannot be directly measured via
existing techniques. Consequently, three indirect methods were
utilized to obtain the p,q in this study. In Method I the p,q assigned a
fixed value of 0.424 g/cm? (the liquid methane density) or 0.373 g/
cm? (the van der Waals density) (Wang et al., 2019a). Method II is
based on an extrapolation of falling segment of the excess
adsorption isotherm, with excess adsorption amount as the y-axis
and density of free methane as the x-axis. The excess adsorption
will decrease with the increasing p,, after the pressure reaches a
certain value. Consequently, the extrapolation line will intersect
with the x-axis where p,q equals p, (Zhou et al., 2018). Method III is
based on the free fitting of experimental adsorption amount by
assuming paq as an unknown parameter (Wang et al., 2019a). The
pad values obtained by the above three methods are referred to as
fixed density, slope density, and freely fitted density, respectively.

2.3.4. Fitting error analyses
The Akaike's Information Criterion (AIC) was applied to assess
the results of different excess adsorption models in fitting the
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adsorption data and optimizing a model that best interprets data
while containing the fewest freely fitted parameters. The model
with the smallest AIC generally exhibits the best goodness-of-fit.
When the number of observations (n, 15 in this study) is low, the
corrected AIC (AIC.) can be expressed as (Sugiura, 1978):

ok (5) «

where k is the number of the freely fitted parameter; RSS is the
residual sum of squares between the measured and fitted data.

2k(k + 1)

AIC. = AIC + M
n—-k-1

n—k-1

(9)

2.4. Thermodynamic features of methane-mudstone adsorption

The thermodynamic parameters, including enthalpy change
(AH) and entropy change (AS®), can express the pressure change
with the temperature at a specific absolute adsorption amount (i),
and can be obtained via the Clausius-Clapeyron formula,

(P _AH A
P°);  RT R

Here, P° is atmospheric pressure, 0.1 MPa. By plotting the InP versus
1/T, the AH and AS® can be obtained from the slope and intercept of
the fitting line, respectively. The isosteric heat at a specific surface
coverage (qs;) reflects the interaction strength between adsorbate
and adsorbent, which equals to AH but with a negative sign,

(10)

qst = —AH (11)

The q?t is the isosteric heat at zero surface coverage when the
pressure approaches 0, which is commonly called the limiting
isosteric heat of adsorption. Gas adsorption conforms to Henry's
law under a low-pressure condition,

(12)

Here, K is Henry's law constant. q?t can be obtained from K based
on the Vant-Hoff formula,

Vap = K-P

a%
InK = rTT C (13)
When the V,j, is small enough, a Virial expansion form of Eq. (12)
can be written as (Yang et al., 2014),

1 P
lnE:ln—:

Vs (14)

—0g — a1Vyp= —ag

Here, ag and ay are Virial coefficients. Then, the relationship be-
tween ap and K can be approximately expressed as:

K = exp(ap) (15)

Therefore, it is essential to determine the valid pressure range
that conforms to Henry's law. Generally, it should be confined to the
range where V,p-(1-P/Pmax) is positively correlated with P/Ppax with
a linear fitting coefficient (R%) greater than 0.95 (Dang et al., 2020).
Once the valid pressure range is determined, the value of ap and K
can be derived from the intercept of the plot of In(P/Vap) vs. Vap
within the valid pressure range [Eq. (14)]. Then, the ¢% can be
determined from the slope of the plot of InK vs. 1/T based on Eq. (13).

3. Results and discussion
3.1. Pore structure

Combined CO, and Ar physisorption tests were utilized to
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characterize the microscopic pore structure (Fig. 1, Table 2). The PSD
of the studied samples shows a multi-peak feature. The total PVs are
0.00757 and 0.01202 cm?/g, and total SSAs are 7.79 and 13.9 m?/g,
for Samples Y-1 and Y-2, respectively. Specifically, the volumes of
micro-, meso-, and macro-pores (d < 2, 2—50, and 50—100 nm,
respectively) are 0.00273, 0.00262, and 0.00222 cm?/g, respec-
tively, for Sample Y-1, which account for 36%, 35%, and 29% of the
total PV. Similarly, the volumes of micro-, meso-, and macro-pore
are 0.00445, 0.00513, and 0.00244 cm®/g, respectively, for Sample
Y-2, which account for 37%, 43%, and 20% of the total PV.

3.2. Excess adsorption of methane

Fig. 2 depicts the excess adsorption amounts normalized to
sample weight. It shows the Gibbs excess adsorption data, with
distinct inflection points where the adsorbed amounts begin to
decrease. The excess adsorption amount is temperature-
dependent. In the low-pressure range (i.e., stage of increased
adsorption amount), the adsorption amount and its increasing rate
(an increase of adsorption amount within a unit pressure) with
increasing pressure under low-temperature conditions are larger
than that under relatively high temperatures. The maximum e
values are 1.73, 1.48, and 1.32 cm?/g for Sample Y-1, and are 1.69,
141, and 1.21 cm?/g for Sample Y-2, at temperatures of 303.15,
333.15, and 363.15 K, respectively. Consequently, the lower the
temperature, the greater the maximum excess adsorption amount.
The pressure at the maximum adsorption amount increases with
increasing temperature.

Additionally, in the high-pressure range (i.e., stage of decreased
adsorption amount), the decreasing rate of adsorption amount (a
decrease of adsorption amount within a unit pressure) with
increasing pressure under low-temperature conditions is larger
than that under relatively high temperatures. Specifically, the
decreasing rates of Sample Y-1 are 0.0228, 0.0169, and 0.0135 cm?/
g/MPa, and that of Sample Y-2 are 0.0325, 0.0268, 0.0165 cm>/g/
MPa, at temperatures of 303.15, 333.15, and 363.15 K, respectively.
As a result, the temperature effect on adsorption amount at a
relative high-pressure stage (>25 MPa) is insignificant, and iso-
therms at different temperatures intersect with each other in some
cases. Finally, based on the extrapolation of excess adsorption
amount, when pressure is high enough (>30 MPa), adsorption
amount at lower temperature (e.g., 303.15 K) will less than that at
higher temperature (e.g., 303.15 and 363.15 K). A similar phe-
nomenon has also been indicated by Gensterblum et al. (2013) for

0.025
Macro:
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------------------- Pl Bl = =
0.020 -
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@
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—~
2
g
§ 0.010 A
=
© !
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Fig. 1. Pore size distribution of studied samples.
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Table 2
Pore structure properties of studied mudstones.
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Sample Pore volume, cm>/g Specific surface area, m?/g
micro- meso- macro- total PV micro- meso- macro- total SSA
Y-1 0.00273 0.00262 0.00222 0.00757 7.10 0.55 0.13 7.79
Y-2 0.00445 0.00513 0.00244 0.01202 12.6 1.18 0.15 139
(a) 20 (b) 20
Y-1 Y-2
2 2
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Fig. 2. Excess adsorption at different temperatures for (a) Y-1 and (b) Y-2.

three coal samples and Li et al. (2017) for Niutitang Shale from
Southwest China.

3.3. Goodness-of-fit evaluation of various models

Two basic criteria need to be considered to evaluate the
goodness-of-fit of various excess models of the adsorption data.
Firstly, the fitting results should closely match the measured
adsorption data with only a small deviation, which is the intuitive
approach to initially decide whether the model can adequately
describe the measured adsorption data or not. In addition, the
absolute adsorption calculated from excess adsorption by the
model correction should be reasonable and consistent with the
adsorption theory.

3.3.1. Fitting performance and error

Fig. 3a-b show the fitted results of excess adsorption isotherms
at 333.15 K by using the fixed density values (0.424 g/cm® and
0.373 g/cm?) based on the Langmuir and SDR models. Results show
a relatively good fit with adsorption amount for Sample Y-1, except
for the SDR model with a density of 0.373 g/cm>. However, for
Sample Y-2, results show a poor fit with adsorption amount in the
high-pressure range. Wang et al. (2019a) also reported a poor fit
when using adsorption models to simulate methane adsorption
isotherms of Wufeng-Longmaxi Shales using the fixed paq. Zhou
et al. (2018) reported that the absolute adsorption isotherms for
the Longmaxi Shales decrease at high pressure when assuming an
pad of either 0.424 or 0.373 g/cm?, which contradicts the adsorption
theory that the absolute adsorption amount will reach a constant
value as pressure increases. However, Chen et al. (2020) demon-
strated that the fixed paq of 0.373 g/cm? for adsorption correction is
a convenient method to calculate absolute adsorption amounts of
the Longmaxi Shale that are likely to be close to the actual value. In
summary, evaluating whether the fixed density is applicable or not
requires a study on the specific sample in question. In any event, it
is no applicable to samples in this study.

The densities obtained via the slope intercepts in Method II are
0.358—0.581 g/cm3, with some values exceeding 0.424 g/cm>
(Tables 3 and 4). Zhou et al. (2018) have also reported the abnor-
mally high values by this method and indicated that this is not the
preferred method to determining p.q. In addition, Gensterblum
et al. (2010) indicated that the p,q obtained by this method could
be overestimated. Results of fitted excess adsorption at 333.15 K
using the slope densities are shown in Fig. 3c—d. It is clear that
regardless of the excess adsorption models of Langmuir or SDR,
there is a marked difference between the measured and fitted
adsorption amount. It is, therefore, suggested that the slope density
is not applicable for these two Yanchang mudstones.

As shown in Fig. 3 e-h, the fitted adsorption isotherms derived
from different models with freely fitted p,q generally show a good
fit with the measured adsorption data at 333.15 K. The freely fitted
pad of Langmuir and Langmuir-Henry models are 0.250—0.382 g/
cm?, and the fitting performance of the Langmuir-Henry model
(AIC. of —142.70 and —147.04 for Samples Y-1 and Y-2, respectively)
is better than that of the Langmuir model (AIC. of —119.70
and —112.07 for Samples Y-1 and Y-2, respectively) (Fig. 3e—f,
Tables 3 and 4). The fitted p,g based on the SDR and SDR-Henry
models are 0.253—0.483 g/cm?, with some values in excess of
0.424 g/cm® at 333.15 K and 363.15 K for Sample Y-1, which may
indicate that a portion of methane is absorbed or dissolved in the
residual organic matter in samples due to their relatively high Sy
values (Topér et al., 2017) (Table 1). Similarly, the fitting results
based on the SDR-Henry model (AIC. of —142.16 and —146.04 for
Samples Y-1 and Y-2, respectively) show much a better corre-
spondence with the measured excess adsorption amount than that
based on the SDR model (AIC. of —110.76 and —99.16 for Samples Y-
1 and Y-2, respectively) (Fig. 3g—h, Tables 3 and 4).

Tables 3 and 4 contain the fitted parameters and AIC. goodness-
of-fit parameters based on different excess adsorption models with
fixed, slope, and freely fitted densities for Samples Y-1 and Y-2.
Overall, excess adsorption models with the fixed and slope den-
sities have higher AIC. values, which is consistent with the visual
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Fig. 3. Measured and fitted excess adsorption for samples at 333.15 K based on Langmuir and SDR models using various adsorbed-phase densities.
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Table 3
Fitted parameters based on different excess adsorption models of Sample Y-1.

Temperature Excess models no, cm>/g P, MPa Pad» glcm> k D AIC,

303.15K L-1 3.348 6.428 0.424 / / —-102.67
L-2 3.841 8.021 0.373 / / —-112.80
L-3 3.144 5.818 0.455 / / —-94.08
L-4 3.735 7677 0.382 / / -110.55
L-5 2.438 5.004 0.323 7.669 / —138.36
S-1 2.831 / 0.424 / 0.106 -115.59
S-2 2.995 / 0373 / 0.123 -90.07
S-3 2.758 / 0.455 / 0.098 —101.59
S-4 2.845 / 0.419 / 0.107 -112.99
S-5 2.143 / 0.336 6.558 0.105 —134.43

333.15K L-1 3.101 9.759 0.424 / / —112.00
L-2 3.548 11.833 0.373 / / —122.85
L-3 2.746 8.150 0.496 / / -98.81
L-4 3571 11.943 0.371 / / -119.70
L-5 1.860 6.722 0.306 8.988 / —142.70
S-1 2.483 / 0.424 / 0.124 —-110.40
S-2 2.597 / 0373 / 0.142 -90.59
S-3 2.381 / 0.496 / 0.107 —105.76
S-4 2.443 / 0.448 / 0.117 —-110.76
S-5 1424 / 0.309 9.533 0.114 —142.16

363.15K L-1 3.086 15.372 0.424 / / ~111.23
L-2 3.536 18.319 0.373 / / —120.20
L-3 3.386 17.334 0.387 / / -117.43
L-4 4287 23.293 0.327 / / ~124.01
L-5 1.084 7.941 0.276 12.772 / —139.46
S-1 2.257 / 0.424 / 0.146 —104.80
S-2 2.336 / 0.373 / 0.165 -92.70
S-3 2.311 / 0.387 / 0.159 -96.35
S-4 2.199 / 0.483 / 0.130 —107.45
S-5 0.775 / 0.277 13.379 0.123 —143.87

L-1: Langmuir model fitted by the fixed density of 0.424 g/cm?; L-2: Langmuir model fitted by the fixed density of 0.373 g/cm?; L-3: Langmuir model fitted by slope density; L-
4: freely fitted Langmuir model; L-5: freely fitted Langmuir-Henry model. S-1: SDR model fitted by the fixed density of 0.424 g/cm?; S-2: SDR model fitted by the fixed density
of 0.373 g/cm?; S-3: SDR model fitted by slope density; S-4: freely fitted SDR model; S-5: freely fitted SDR-Henry model. ng is absolute adsorption capacity; P, is the Langmuir
pressure; paq is the adsorbed methane density; k is an empirical parameter in Henry equation; D is an interaction constant; AIC. is the corrected Akaike's Information Criterion.

Table 4
Fitted parameters based on different excess adsorption models of Sample Y-2.

Temperature Excess models no, cm/g P, MPa Pad» glcm> k D AIC,

303.15K L-1 2.781 4,078 0.424 / / —86.42
L-2 3.111 4.983 0.373 / / -106.16
L-3 2320 2.903 0.581 / / —66.27
L-4 3.338 5.625 0.350 / / -111.72
L-5 2.542 4.281 0.308 5.573 / -126.75
S-1 2.560 / 0.424 / 0.086 —84.85
S-2 2.706 / 0.373 / 0.099 -119.45
S-3 2320 / 0.581 / 0.063 -59.38
S-4 2.733 / 0.365 / 0.102 -120.27
S-5 2352 / 0324 3.864 0.100 —129.53

333.15K L-1 2.490 6.397 0.424 / / —80.70
L-2 2.776 7.586 0.373 / / -89.21
L-3 2.894 8.090 0.358 / / -92.93
L-4 3.801 12.075 0.295 / / -112.07
L-5 1.776 5.982 0.261 10.230 / —147.04
S-1 2.204 / 0.424 / 0.104 -83.14
S-2 2307 / 0.373 / 0.118 —96.50
S-3 2.346 / 0.358 / 0.124 —100.63
S-4 2.386 / 0.344 / 0.130 -99.16
S-5 1.358 / 0.263 10.750 0.117 —146.04

363.15K L-1 2.344 9.770 0.424 / / —98.42
L-2 2.614 11.408 0.373 / / —105.38
L-3 2.569 11.128 0.380 / / -104.25
L-4 3.404 16.328 0.303 / / -113.13
L-5 0.985 5.556 0.250 12.499 / —133.02
S-1 1.951 / 0.424 / 0.120 -103.72
S-2 2.021 / 0.373 / 0.136 —105.09
S-3 2.009 / 0.380 / 0.133 —105.76
S-4 1.993 / 0.391 / 0.130 -102.96
S-5 0.838 / 0.253 12.230 0.116 -133.97
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evaluation of their poor fit (Fig. 3a—d), and excess adsorption
models with the freely fitted density show relatively lower AIC.
values (Fig. 4). By contrast, the fitting results of Langmuir-Henry
and SDR-Henry models exhibit the lowest AIC. values, showing
the minimum difference between the fitted and measured
adsorption amounts. For comparison, Dang et al. (2020) compared
the fitting performance of different models on Shanxi and Benxi
Shales from Ordos Basin and demonstrated that the SDR-Henry is
the best fitting one since it shows the least fitting error.

Consequently, if only the fitting performance and errors are
considered, it is appearing that the Langmuir-Henry and SDR-Henry
models using freely fitted adsorbed methane densities are the best
methods available to correct and fit excess adsorption isotherms
and obtain absolute adsorption amounts for samples in this study.

However, it should be noted that the model with the lowest
fitting error may not be the best model, since it can have too many
free fitting parameters, and so obtain higher fitting precision but
lose its physical meaning (Tang et al., 2017). Consequently, the
converted absolute adsorption isotherms should be further evalu-
ated to determine the optimal models.

3.3.2. Absolute adsorption isotherms

Once p,q was determined, the measured adsorption amount was
corrected as the absolute adsorption amount [Eq. (2)]. Fig. 5 shows
the absolute adsorption isotherms derived from different models
(Langmuir, Langmuir-Henry, SDR, and SDR-Henry models) with the
freely fitted adsorbed methane densities. For Sample Y-1, all iso-
therms derived from these four excess models monotonically in-
crease with an increasing pressure up to 30 MPa at the different
experimental temperatures, and exhibit the distinct temperature-
dependent feature (Fig. 5a—d). However, for Sample Y-2, the iso-
therms for 303.15 and 333.15 K intersect in the results of the SDR-
Henry model (Fig. 5h), while the isotherms at 303.15 Kand 333.15 K
derived from Langmuir and Langmuir-Henry models would also
intersect if the experimental pressures were slightly higher
(Fig. 5e—f). The intersection of adsorption isotherms contradicts the
principle in adsorption theory that a high temperature always
negatively affects adsorption amount (Tang et al., 2017). Only iso-
therms derived from the SDR model are temperature-dependent
for both Y-1 and Y-2 (Fig. 5c¢, g), showing that the adsorption up-
take increases with an increasing pressure while decreases with an
increasing temperature.

Petroleum Science 20 (2023) 34—47

By comprehensively considering the fitting performance of
different adsorption models and their derived absolute adsorption,
the SDR model with freely fitted adsorbed-phase density yielded
the best fit to the measured adsorption data. Consequently, this
model and parameters derived from it will be applied to interpret
the adsorption behavior in the following section.

3.4. Adsorption capacity and volume of adsorbed phase (Vgp)

Based on the freely fitted SDR model, the adsorption capacities
are 2.845, 2.443, and 2.199 cm?/g for Sample Y-1, and are 2.733,
2.386, and 1.993 cm’/g for Sample Y-2, at temperatures of 303.15,
333.15, and 363.15 K, respectively (Tables 3 and 4). The adsorption
capacity is negatively correlated with temperature (Fig. 6), showing
a temperature-dependent behavior.

Once the adsorbed methane density and the absolute adsorp-
tion amount were determined, the volume of the adsorbed
methane (V,p) in a sample can be obtained based on Eq. (2). Fig. 7
shows the relation between V,, based on the SDR excess model
and pressure for Samples Y-1 and Y-2 as well as the micropore
volumes (PVpjcro) for the samples. For methane adsorption at
303.15 and 333.15 K, the V,, up to 30 MPa is larger than the cor-
responding PVpjcro for both samples. However, at 363.15 K, the Vy},
up to 30 MPa is similar to or smaller than the corresponding PVpicro.
Since methane molecules are preferentially adsorbed into micro-
pores and then successively in mesopores and macropores (Zhou
et al., 2018), the comparison between V,, and PVpjicro can reflect
the supercritical methane adsorption mechanism to some extent.
Specifically, at the pressure of 30 MPa, the adsorbed methane is
mainly contained in micropores at a relatively high temperature
(e.g.,363.15 K), and it filled not only in micropores but also in meso-
and macro-pores under relatively low temperatures (e.g., 303.15
and 333.15 K).

Considering that the Chang 7 Member of Yanchang Formation is
currently normally pressured (Liu et al., 2012, 2015), the approxi-
mate formation pressures of the two studied mudstones are 27 and
21 MPa, respectively [density of the formation water is 1.04 g/cm’
as reported by Tian et al. (2018)]. Additionally, the formation
temperatures generally range from 70 to 100 °C (ie,
343.15-373.15 K) (Xu et al., 2019). Consequently, the adsorption
analyses at 363.15 K approximately reflect the gas adsorption iso-
therms under the actual geological conditions. The V,, value for this

| —— Y-1-303.15K
- & - Y-2.303.15K

-100 o

AlCc

-120 o

-140 -

-160

—o— Y-1-333.15K
- @ - Y-2-333.15 K

—e— Y-1-363.15 K
- ® - Y-2-363.15 K

Fig. 4. Fitting error (AIC.) between the measured and fitted adsorption amounts using different models adsorbed methane densities. The letter-number notations of x-axis

represent the different excess adsorption models as shown in Table 3.
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isotherm is close to the PVpjcro in Sample Y-1, and is far less than the
PVmicro in Sample Y-2 at the approximate formation pressures
(Fig. 7). Meanwhile, considering that the gas generation potential in
the Chang 7 mudstones is limited within the oil window (R, 0.55%—
0.66%), the adsorbed gas should be predominantly stored in mi-
cropores under actual geological conditions, which also confirms
the rationale of choosing the SDR model based on the micropore-
filling mechanism.
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3.5. Thermodynamics of methane adsorption

3.5.1. Isosteric heat of adsorption at specific surface coverage (qst)

Generally, the g value varies with absolute adsorption amounts
(Tian et al., 2016). Consequently, the gs; values were calculated at
four different absolute adsorption amounts (i.e., 0.4, 1.1, 1.5, and
1.8 cm?/g) for samples studied here. The pressures corresponding
to these absolute adsorption amounts at different temperatures
(303.15, 333.15, and 363.15 K) were calculated using the SDR excess
adsorption model with freely fitted adsorbed-phase density. Fig. 8
shows the correlations between InP and 1/T, and the g value at
specific absolute adsorption amount can be obtained from the slope
of the corresponding linear fitting line as shown in Egs. (10) and
(11).

The gs values at different absolute adsorption amounts for
Sample Y-1 range from 15.0 to 18.7 kJ/mol (avg. 16.3 kJ/mol) and
that for Sample Y-2 range from 16.5 to 22.6 k]/mol (avg. 18.5 kJ/mol)
(Table 5). Both average gs; values are close to these calculated at the
adsorption amount of 1.5 cm?/g (n3). It is, therefore, indicated that
the adsorption of supercritical methane onto the studied mud-
stones belongs to physisorption (generally with gs < 40 kj/mol),
and the binding force between the methane molecule and rock
surfaces belongs to van der Waals force (Zhou et al., 2019).

Generally, the g5 values remain relatively constant at the lower
absolute adsorption amounts, but then begin to increase with
increasing absolute adsorption amounts (Fig. 9). This observed
behavior is different from both the monotonically increase of gt
with increasing adsorption amounts on the Shanxi and Benxi
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Table

5

Thermodynamic parameters at different absolute adsorption amounts of methane (n).
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Sample n, cm’/g Fitting of InP vs. 1/T st kJ/mol AS®, J/mol/K Average g, kj/mol Average AS®, J/mol/K
Slope Intercept
Y-1 ny 0.4 —1803.5 5.8335 15.0 —67.6 16.3 —-82.5
ny 11 -1816.1 7.1454 151 —78.6
ns 1.5 —1956.5 8.1079 16.3 —86.6
ng 1.8 —2247.9 9.4045 18.7 —-97.3
Y-2 n 0.4 —-1990.6 6.2763 16.5 -713 18.5 —88.7
ny 1.1 —2005.7 7.6236 16.7 -82.5
ns 1.5 —2203.0 8.7850 183 —-92.2
ng 1.8 —-2713.8 10.800 22.6 —108.9
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Table 6
Fitting parameters for g calculation.
Sample Temperature, K Fitting of In(P/Vap) vs. Vap InK = ag Fitting of InK vs. 1/T q% kJ/mol
Slope Intercept Slope Intercept
Y-1 303.15 0.4403 0.5950 —0.5950 1786.4 —6.4630 14.9
333.15 0.5200 1.0465 —1.0465
363.15 0.4642 1.5735 -1.5735
Y-2 303.15 0.5510 0.3330 —0.3330 2084.3 —7.2423 173
333.15 0.4088 1.0601 —1.0601
363.15 0.4915 1.4623 -1.4623

Shales from Ordos Basin reported by Dang et al. (2020), and the
decreasing trend of gs with increasing adsorption amount in
Wufeng-Longmaxi Shales reported by Tian et al. (2016) and Zhou
et al. (2019). Generally, gs; values at different absolute adsorption
amounts are jointly controlled by the heterogeneity of the sample
surface and the interaction forces between methane molecules
(Yang et al., 2014). On the one hand, the heterogeneity of the
sample surface would cause the g5 value to decrease with
increasing absolute adsorption amount. Methane molecules pref-
erentially occupy the adsorption sites with higher surface energy,
followed by adsorption sites with relative lower surface energy,
which causes the activation energy required for adsorption to in-
creases, and consequently the gs; decreases. In addition, the inter-
action forces between methane molecules increase with increasing
absolute adsorption amount, which contributes to the increased gs¢
values. Generally, the greater the adsorption amount, the greater
the adsorption heat, and the more difficult it is for adsorption to
occur. Therefore, whether the ¢s increases or decreases with
increasing absolute adsorption amount depends on which factors
are dominant. For samples studied here, the unchanged g value at
lower adsorption amount is likely affected by both the above-
mentioned two factors, while the increased gqg values at relative
higher adsorption amount range are strongly controlled by the
interaction energy between methane molecules.

The enthalpy change (AH) equals the negative of the g in value
[e.g., Eq. (11)], which averages —16.3 k]/mol for Sample Y-1 and
-18.5 kJ/mol for Sample Y-2. The negative value of AH reveals that the
methane-mudstone adsorption is an exothermic process. Based on
Eq. (10), entropy change (AS®) can be determined from the intercept
of the fitting line between InP vs. 1/T as shown in Fig. 8. The results
show that ASC values for Sample Y-1 range from —97.3 to —67.6 ]/
mol/K (avg. —82.5 J/mol/K) and that for Sample Y-2 range
from —108.9 to —71.3 J/mol/K (avg. —88.7 J/mol/K) (Table 5). The
larger the g value and the lower the AS® value, the stronger the
adsorption of methane molecule onto the sample surface. Conse-
quently, the thermodynamic data suggest that the methane
adsorption onto Sample Y-2 is relatively stronger than on Sample Y-1.

3.5.2. Isosteric heat of adsorption at zero surface coverage (q%)

The main factors that affect the gas adsorption on a solid surface
include specific surface area, adsorption amount per surface area,
and interaction force between gas molecule and sample surface
(Yang et al., 2014). Considering that the gs value is related to the
specific absolute adsorption amount, the g% is an unbiased value of
isosteric heat of adsorption, which is generally used to reflect the
interaction force between methane molecule and rock surface.
Fig. 10a—b displays the correlation between Vap-(1-P/Pmax) vSs. P|
Prax, Which indicates the valid pressure range that complies with
Henry's Law. Fig. 10c—d shows the correlation between In(P/V,p) vs.
Vap within the valid pressure range to calculate the ag and further
determine the InK value. Fig. 11 shows the plot of InK vs. 1/T to
determine the g% based on Eq. (13). The results show that the g% is
14.9 kJ/mol for Sample Y-1 and 17.3 kJ/mol for Sample Y-2 (Table 6).
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The g% is lower than the average gs; value for both Samples Y-1 and
Y-2. It is consistent with the phenomenon that the g initially de-
creases and then remains unchanged with decreasing absolute
adsorption amount (Fig. 9). Consequently, as the pressure is low-
ered to O (i.e., Vap—0), the g5 gradually decreases and finally re-
mains unchanged. Although the absolute adsorption capacity of
Sample Y-1 is higher than that of Sample Y-2 (Fig. 6), the interaction
force between methane molecule and surface of Sample Y-2, as
reflected by the g% values, is stronger than that of Sample Y-1.
Similar phenomenon was also proposed by Yang et al. (2014) on
Niutitang Shales in Sichuan Basin. This also confirms that the gas-
mudstone adsorption is a complex process which is not only
affected by the interaction force between gas molecule and sample
surface.

4. Conclusions

In this study, supercritical methane adsorption tests with the
pressures of up to 30 MPa was performed on two Chang 7 mud-
stones at temperatures of 303.15, 333.15, and 363.15 K. The capa-
bilities of different excess adsorption models (Langmuir, SDR,
Langmuir-Henry, and SDR-Henry models) to predict the experi-
mental methane adsorption isotherms were evaluated using
various adsorbed-phase densities (fixed, slope, and freely fitted
densities), and the thermodynamics of methane-mudstone
adsorption were determined. Regarding the two mudstones stud-
ied here, four main conclusions can be reached:

(1) The SDR model with freely fitted adsorbed-phase density is
the more reliable model to obtain the density of adsorbed-
phase methane, to interpret supercritical methane-
mudstone adsorption behaviors, and to determine absolute
adsorption isotherms.

(2) Gas adsorption capacity derived from the SDR adsorption
model is temperature-dependent.

(3) Methane molecules in the adsorbed phase predominantly
occupy micropore (d < 2 nm) volume in the Chang 7
mudstone under the actual geological conditions.

(4) Methane-mudstone adsorption is jointly controlled by the
heterogeneity of, and interaction forces between methane
molecules and, rock surfaces.
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