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Highlights:
e Arrigorous framework is applied to interpret methane adsorption behavior in shales.

o Adsorption isotherms under different pressures and temperatures can be represented by
a 2D surface.

¢ Adsorbed methane density in shales is a function of pressure and temperature.
¢ Maximum adsorption uptake of shales is independent of temperature and pressure.

¢ Isosteric enthalpy and entropy depend on surface coverage and temperature.

Abstract: Understanding methane adsorption behavior in shales is fundamental for optimizing
shale gas development as the adsorbed methane is a large portion of the subsurface shale gas
resource. However, the adsorption mechanism of supercritical methane in shales and associated
thermodynamics are poorly understood because the equation of state of the adsorbed methane
is unmeasurable. This work analyzed adsorption equilibria (up to 32 MPa and 393.15 K) using a
rigorous framework that can account for non-ideal gas properties and accurately extrapolate
absolute adsorption uptakes from measured adsorption isotherms. The framework also allows a
straightforward calculation of thermodynamic potentials relevant to adsorption such as enthalpy
and entropy. Modelling results show that methane adsorption isotherms in shale under different
pressures and temperatures are represented by a two dimensional adsorption isotherm surface.
The density of the adsorbed methane in shales depends on temperature and pressure, which is
always lower than the liquid methane density but higher than the corresponding gaseous methane
density. The temperature-dependent and pressure-dependent characteristics of adsorbed
methane density leads to the corresponding temperature-dependent and pressure-dependent
measured/absolute adsorption isotherms. The maximum adsorption uptake of shales is
independent of temperature and pressure. The isosteric enthalpy/entropy of adsorption and
enthalpy/entropy of adsorbed methane are found to be temperature- and surface coverage-
dependent. These new findings therefore not only clarify some historical misunderstandings of
methane adsorption in shales for engineering application, but also provide a novel framework for
interpreting methane adsorption behavior in shales and for determining the associated
thermodynamics.
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1 Introduction

Natural gas produced from subsurface shale formations, also called shale gas, has changed world
energy supplies and continues to have global implications for a low carbon-constraint economy.
A U.S. Energy Information Administration (EIA) study indicates that shale gas is expected to
account for 30% of the global natural gas production by 2040 (International Energy Outlook 2016).
According to the EIA report, there are 35,782 Trillion cubic feet (Tcf) of risked shale gas in-place
across 41 countries, of which 7299 Tcf shale gas is considered technically recoverable. With the
advancement of hydraulic fracturing and horizontal drilling technologies, producing shale gas from
subsurface formations is becoming economically feasible. The U.S. was the first country to
produce commercial volumes of shale gas, followed by Canada, China and Argentina. Extensive
researches have been conducted to understand the nature of existing shale gas and their
transport behavior in subsurface formations in order to estimate the total shale gas resource and
the best manage production (Curtis, 2002; Jarvie et al., 2007; Ross et al., 2009; Kargbo et al.,
2010; Civan et al., 2011). However, resource estimates involve significant uncertainties due to
the complex behavior of shales as porous structures and must be treated with considerable
caution (Loucks et al., 2009; Ambrose et al., 2010; Sondergeld et al., 2010; Slatt et al., 2011,
Mcglade et al., 2013; Chen et al., 2017; Striolo et al., 2017). An improved understanding of the
behavior of methane in subsurface shale formations is therefore critical in order to optimize the
development of shale gas resources.

Shale gas, consisting mainly of methane, exists in three different states at subsurface shale
formations: adsorbed phase that is weakly bounded to the pore surfaces, bulk phase in the free
pore space excluding the space occupied by adsorbed phase, and a small amount of dissolved
phase in organic matter and formation liquids. Previous studies have revealed that adsorbed
methane accounts for 30%-80% of total gas reservoirs (Curtis, 2002). Since most shale
formations are in high pressure and temperature (up to 27 MPa and 360 K) reservoir conditions,
shale gases are usually under supercritical conditions because the critical point of methane is
190.4 K and 4.6 MPa. It is also well-known that the physical properties of supercritical gas are
different from its subcritical status because distinct liquid and gas phases do not exist for
supercritical fluids (McHugh et al., 2013). This specific property not only distinguishes the
adsorption behavior of supercritical gas from subcritical gas, but also challenges the description
and interpretation of methane adsorption behavior in shales (Tang et al., 2016a). However,
description of the supercritical methane adsorption behavior in shales still follows the subcritical
gas adsorption theory wherein the density of the adsorbed phase is assumed to be equal to the
liquid density or quasi-liquid density. Since estimating the shale gas in place resource is the very
first step for shale gas development, there is an urgent need to understand the real nature of
supercritical methane adsorption in shales. Such an understanding is critical as it will lay the
foundation for developing a reasonable gas transport model in shales and understanding of the
associated heat transfer process during shale gas production (Ambrose et al., 2010; Civan et al.,
2011; Akkutlu et al., 2012).

Accurate estimation of adsorbed methane content in shales under supercritical conditions
(subsurface reservoir conditions) still remains unclear. Accurate extrapolation of the absolute
(true) adsorption uptake from measured adsorption isotherms requires a thorough understanding
of the equation of states (EOS) of the adsorbed phase, i.e., how the volume or density of the
adsorbed phase changes with temperature and pressure (Tang et al, 2017b). However, the EOS
of the adsorbed methane is yet to be established as it cannot be directly measured using current
technologies. Different researchers thus apply a variety of assumptions to interpret the
mechanism of supercritical methane adsorption in shales. Experimentalists in unconventional gas
industry adopt the historical idea that the density of the adsorbed methane in shale can be treated
as liquid or quasi-liquid, and that the quasi-liquid density of methane is larger than the
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corresponding gaseous phase density but lower than the liquid density (Weniger et al., 2010;
Gasparik et al., 2012 & 2015; Gensterblum et al., 2013; Clarkson et al., 2013; Yang et al., 2105;
Tang et al., 2016, 2017a, 2017b & 2017c; Tian et al., 2016; Zhou et al., 2018; Li et al., 2018a;
Shabani et al, 2018; Li et al., 2018b; Hu et al, 2018). This assumption is valid for subcritical gas
adsorption in micropore (<2 nm) rich porous materials due to the nanoconfinement effect. The
pore filling model is now routinely for characterizing micropores in porous media based on the
potential theory of Polanyi (Dubinin, 1965, 1960 & 1971; Thommes et al., 2015). The model,
however, becomes invalid as the adsorbate changes from subcritical gas to supercritical fluid
because distinct liquid and gas phases do not exist for supercritical fluids and the pore filling
mechanism is no longer valid for mesopores (2-50 nm) and macropores (> 50 nm). Shale gas in
deep subsurface reservoirs usually exist in supercritical fluid form. Some abnormal values of the
quasi-liquid density of methane have been reported that are higher than the liquid methane
density (Tian et al., 2016; Rexer et al., 2013; Hu et al., 2018; Zhou et al., 2018). On the other
hand, according to molecular dynamics simulation, models show that the density of the adsorbed
phase of supercritical fluid depends on both temperature and pressure in mesopores and
macropores and is not constant, and that the adsorbed phase in micropores follows pore filling
theory (Ambrose et al., 2010; Xiong et al., 2016; Tian et al., 2017; Zhang et al., 2014 & 2016; Liu
et al., 2018; Li et al., 2014; Jin et al, 2013 & 2016; Zhu et al., 2014; Wu et al., 2015; Zhao et al.,
2018; Wang et al, 2018). The density of the adsorbed phase increases with increasing pressure,
and decreases with increasing temperature and thus follows a Langmuir-style trend while the
location and thickness of the adsorbed layer remains constant (Zhang et al., 2014; Zhu et al.,
2014; Tian et al., 2017; Liu et al., 2018). Even though these insights have been adopted by some
experimentalists to interpret the supercritical gas adsorption in shales, the corresponding
thermodynamic characteristics have rarely been studied (Bae et al., 2006; Sakurovs et al., 2007;
Rexer et al., 2013; Pini et al., 2010). Furthermore, the powerful molecular simulation approach
has not been widely adopted in the unconventional gas industry because of high computing costs
and the simplified and unrealistic model cannot mimic the realistic pore structure and surface
chemical properties of shales. The historical debates between experimentalists and modelers
also impede the true understanding of supercritical methane and shale interaction under reservoir
conditions and the correct understanding of shale gas flow in shales. Therefore, a new
phenomenological model that settles the dispute between experimentalists and modelers by
adopting molecular insights is urgently needed to allow interpretation of supercritical methane
adsorption behavior in shale.

Analysis of the thermodynamics (e.g., enthalpy and entropy) of supercritical methane adsorption
in shales can reveal important information about methane-shale interactions. For example, when
the isosteric enthalpy is lower than 40 kJ/mol, the interaction can be treated as physical
adsorption. Changes in the isosteric entropy reveal the mobility of the adsorbed phase. Even
though researchers have investigated isosteric enthalpy (historically called isosteric heat) for
supercritical methane in shales, their methods are not accurate because they use a simplified
form of the Clausius—Clapeyron (C-C) equation (Zhang et al., 2012; Gasparik et al., 2012; Rexer
et al., 2013; Ji et al., 2015; Yang et al., 2015; Tian et al., 2016; Zou et al., 2017; Shabani et al.,
2018; Liet al., 2018a; Li et al., 2018b). The simplified form of the C-C equation assumes that gas
obeys the ideal gas law and the volume of the adsorbed phase is neglected (Huang et al., 1972;
Pan et al., 1998; Chakraborty et al., 2006). This is true for subcritical gas under low pressure
condition but is invalid for supercritical gas as behavior deviates significantly from the ideal gas
law, and the effect of the adsorbed phase volume becomes even more pronounced. The simplified
form of the C-C equation cannot show the temperature dependent behavior of the isosteric
enthalpy of adsorption, which has been observed from calorimetry and temperature measurement
(Cao et al., 2001; Yue et al., 2015). Furthermore, it is difficult to set up a thermodynamically
standard state for the adsorbed phase of supercritical gas. The standard state usually refers to
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the liquid-like state of gas for subcritical gas adsorption processes, however, this assumption is
not valid for supercritical fluids (Zhou et al, 2000a & 2000b; Zhou et al., 2009). Moreover, using
the liquid methane density or quasi-liquid density to extrapolate the absolute adsorption uptake
from directly measured data is questionable even though previous works assert that the
assumption allows researchers to investigate adsorption thermodynamics by considering both
real gas behavior and the effect of adsorbed phase (Mertens et al., 2009; Stadie et al., 2013;
Stadie et al., 2015; Tang et al., 2017a, 2017b & 2017c; Murialdo et al., 2018). As mentioned
earlier, the liquid methane density or quasi-liquid assumption contradicts molecular dynamics
simulations where adsorbed density is a function of pressure and temperature. Whether the
dynamic adsorbed density can reveal the realistic thermodynamic characteristics of supercritical
methane in shales still needs to be validated. Therefore, a rigorous and physically consistent
approach for investigating the surface thermodynamic properties such as enthalpy and entropy
by analyzing experimental adsorption equilibria using molecular dynamics insights is urgently
needed. This will also lay the foundation for developing enhanced shale gas recovery technology
by using thermal stimulation approaches.

This report first presents an alternative framework for analyzing measured supercritical methane
adsorption equilibria including adsorption model and the analytical method of calculating enthalpy
and entropy of adsorption. Secondly, our proposed approach is used for analyzing supercritical
methane adsorption equilibria of four different shales from literature (19 adsorption isotherms with
350 measured points at pressures up to 32 MPa and temperatures up to 393.15 K). The
adsorption isotherm characteristics, the adsorbed methane density, and thermodynamic
properties are discussed in details. Lastly, the model resulting from the proposed framework is
compared with two routinely used methods from the literature.

2 Supercritical gas adsorption theory

Supercritical gas adsorption model. Supercritical gas adsorption in porous media is different
from subcritical gas adsorption because assumptions such as multilayer formation, capillary
condensation in small pores, and saturation pressure are not applicable for the supercritical fluid
(Zhou et al, 2000a & 2000b; Do et al., 2003; Zhou et al., 2009; McHugh et al., 2013). Four basic
assumptions are made here in order to develop a novel supercritical gas adsorption model for
porous media,

(1) The porous media has a rigid structure;

(2) The absolute adsorption uptake of supercritical gas in porous media monotonously
increases with increasing gas pressure;

(3) The intrinsic adsorption capacity of a heterogeneous porous framework is determined by
material properties such as pore structure and surface chemistry;

(4) The location and thickness of the adsorbed layer remain constant and are determined by
gas molecule-pore wall interaction.

The first assumption assumes the pore structure does not change during adsorption, and that
adsorption induced deformation is beyond the scope of this work (Gor et al., 2017). The second
assumption is well-known and has been validated by many researchers (Zhou et al, 2000a &
2000b; Murata et al., 2001; Mertens et al., 2009; Do et al., 2003; Thommes et al., 2015). For the
third assumption, the intrinsic adsorption capacity refers to the limiting adsorption uptake under
limiting pressure, which is determined by pore structure, surface chemistry of the pore and
molecular size of the adsorbate (Zhou et al., 2009). The intrinsic adsorption capacity should not
be confused with the measured adsorption uptake. Experimental observations show that the
measured adsorption uptake depends on both pressure and temperature. The reason being that
measured adsorption uptake is determined by the density and volume of the adsorbed phase and
the adsorbed phase density changes with pressure and temperature, as shown in this work later.
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The intrinsic adsorption capacity is historically referred to as the maximum adsorption uptake, and
we will follow this tradition by using the maximum adsorption uptake in the following sections.
These three assumptions are essentially similar to the corresponding assumptions of the classic
Langmuir model; all adsorption sites on the surface are assumed to be equivalent and
independent of each other, and that each site holds only one adsorbed molecule during
adsorption and the total number of adsorption sites does not change (Langmuir, 1918). The fourth
assumption is supported by molecular dynamics, where the interaction between an adsorbed
molecule and a surface is described by the summation of pairwise 12-6 Lennard-Jones potential
energies between the adsorbate molecule and all atoms of the surface (Ambrose et al., 2010;
Xiong et al., 2016; Tian et al., 2017; Zhang et al., 2014 & 2016; Liu et al., 2018; Li et al., 2014;
Jin et al, 2013 & 2016; Zhu et al., 2014; Wu et al., 2015; Zhao et al., 2018; Wang et al., 2017;
Wang et al., 2019). For supercritical gas, a single adsorbed layer is considered to form an open
surface where the adsorption potential between the adsorbate and the surface atoms is minimum
(Do et al, 2003; Marmur, 2015; Tian et al., 2017; Liu et al, 2018). These has been evidenced by
several Grand Canonical Monte Carlo Simulation (GCMS) studies, which indicate that
supercritical methane adsorption in mesopores and macropores generally follows a single
adsorbed layer and the thickness of the adsorbed layer approximates to the molecular diameter
and is independent of pressure (Tian et al., 2017; Liu et al, 2018). For micropores, the adsorption
forces are enhanced by overlapping of the adsorption potential from the opposite wall, which
results in the pore filling phenomenon of supercritical adsorbate molecules (Do et al, 2003; Tian
et al., 2017; Liu et al, 2018).

Following these four basic assumptions, a rigorous framework for modeling supercritical gas
adsorption isotherms can be established using Gibbs excess adsorption theory. In any pure gas-
solid adsorption system, the measured adsorption quantity, also called the Gibbs excess
adsorption uptake (Gibbs, 1878), is shown by equation (1),

ne:na_va'pg (1)

Where the excess adsorption quantity (ne) refers to the difference between the absolute
adsorption quantity (n,) and the quantity of adsorbate that would be present in the same volume

(va) of the adsorbed phase at the density of the bulk gas phase (£,). Equation (1) can also be
rewritten as,

ne:Va'(pa_pg) 2

Where p, is the density of the adsorbed phase. According to equation (2), it can be concluded

that negative measured adsorption quantity will appear only when the gas density is higher than
the adsorbed phase density. However, the negative quantity cannot be observed from the GCMS
study given that the adsorbed phase density is always higher than the bulk gas density up to 50
MPa (Tian et al., 2017). This, therefore, also means that any reported negative measured
adsorption uptake can be attributed to experimental errors or inappropriate data processing
methods (Ross et al., 2007; Zhang et al., 2016).

For real-world porous materials, a dual-site Langmuir model is applied to describe the absolute
gas adsorption behavior by considering the material heterogeneity (Graham et al, 1953), as
shown in equation (2),

n=n_->0-a) K, (MP +a Ko (T)P ()
a = max 1+ KMP 1+ K,(T)P
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Where nmax is the maximum adsorption uptake, while the energy of two different types of
adsorption sites can be modelled by a separate equilibrium constant, K (T) and K,(T) (
KM =A -exp(—:_?) andK,(T)=A, -exp(—:;) , A1 and A; are pre-factors, E; and E; are adsorption

energies for different adsorption sites as determined by the gas and material properties) and
weighted by a coefficient a (0<a<1), P is pressure, T is temperature, and R is the gas constant. It
is worth emphasizing that nmax does not change with gas pressure and temperature.

By combining equation (1) and (3), equation (4) is obtained,

K(P_ L, KOP ]
1+K(T)P 1+K,(T)P| * ¢

Ny = Ny |:(1—0.’)

If the adsorption volume, v,, is an unknown constant, the density of the adsorbed phase can be
easily calculated using equation (5),

N N [ K(DP K,MP :
Pa=y = {(1 a)1+K1(I')P+a1+K2(I')P} ©)

a a

It is expected that if equation (4) is used to fit measured adsorption isotherms under different
pressures and temperatures, the volume of the adsorbed phase (va), the absolute adsorption
uptake (equation 2) and the density of the adsorbed phase (equation 4) are readily available.

Isosteric enthalpy of adsorption. If the absolute adsorption uptake is available, the
thermodynamic parameter, the isosteric enthalpy of adsorption ( AH_, ), can be obtained.

According to the Clausius—Clapeyron relationship (Clausius, 1850), the isosteric enthalpy in a
closed gas adsorption system can be obtained by equation (6):

dP dP 1
AH,=(C2)n - T-AV=—(—2), - T-(v,—— 6
ads (d-]-)na (d-l-)na ( a pg) ( )

The derivative of pressure with temperature along an isostere (constant value of adsorption

can be expanded into three simpler terms by introducing the surface coverage

na’

dP
uptake), (—
p )(dT)

(8) of a Langmuir style adsorption model using the Chain Rule in differentiating compositions of

functions:
e = (38, (), = (), (), (), 0
dr’™ " \dk/pq \dT/)pq  \d9)pq \dk/)pg \dT/)pq
Where @ is surface coverage, the ratio of the absolute adsorption uptake (n,) to the maximum

adsorption uptake (Nma), 6 = —2 = (1—a) K(MP _ _K(MP
n 1+ K, (T)P 1+ K,(T)P

max

The analytical form of (3—_'?)na in the case of the dual-site Langmuir equation (equation 3) is:

(1-a)P -E1K1(T), aP —E2K>(T)
dap __ (1+K1(T)P)2  RT?2  (1+K(T)P)2  RT?
(E)na = A—K(T) . _aKz(T) (8)

(1+K1(T)P)2 ' (1+K»(T)P)?
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If one ignores the volume of the adsorbed phase and applies the ideal gas law, equation (6)
becomes the simplified C-C equation,

dP dP, RT?
AHads (d.l.)na T-Av (dT)na P (9)

Equation (6) has two advantages over equation (9). First, it incorporates non-ideal gas behavior.

This is important because supercritical gas adsorption significantly deviates from subcritical gas

adsorption. For methane, it deviates significantly at around 10 MPa and ambient temperature as

attractive interactions become pronounced. As the pressure increases, the repulsive interactions
gradually increase and become dominant. This is indicated by variation of the compressibility
factor as shown in Figure 1; the compressibility factor is calculated by the modified Benedict—
Webb—-Rubin equation (BWR) equation of state as implemented in the REFPROP package
(Lemmon et al., 2007). This deviation in behavior also means that methane density can be higher
or lower than for an ideal gas at different pressures and temperatures. Second, equation (6)
considers the volume of the adsorbed phase, which can be obtained by processing experimentally
determined adsorption isotherms using equation (4) via a rigorous global fitting method
(discussed in Section 3 below). Comparing equation (6) and (9), it is also clear that ignoring the
volume of the adsorbed phase or applying the ideal gas law overestimates the calculated isosteric

heat of adsorption for the gas adsorption system.

[

Ao
r

C‘ampressabﬂity facto,

Figure 1. Compressibility factor of methane as a function of pressure and temperature.

Isosteric entropy of adsorption. The isosteric entropy of adsorption (AS,, ) and how it varies

with surface coverage reveals the mobility of adsorbed phase (Tang, 2019). The isosteric entropy
of adsorption refers to the change in entropy due to adsorption at a constant absolute adsorption
uptake, and is readily defined by the Clausius—Clapeyron relationship:

dpP dP 1
AS., =(——). -Av=(—). -(v,——) (10
ads (dT)na v (d.l_)na (Va ) ( )

9
Comparing to equation (6), it is clear that AS_, is readily available when AH_, is known as

shown in equation (11),

AS,, = A"T'ads (11)
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3. Data acquisition and processing

The supercritical methane adsorption isotherms in four different shales from China are directly
retrieved from the literature. Samples FC-47, FC-66 and F-72 are collected at different depth from
lower Cambrian shale formation in northeast Guizhou province and sample Longmaxi is from
Longmaxi formation in Sichuan province (Li et al., 2017; Tang et al., 2016). The total organic
carbon (TOC) of sample FC-47, FC-66, F-72 and Longmaxi is 3.5%, 7.3%, 11.3% and 4.52%,
respectively, as measured using the gravimetric approach. All shale samples are dried to avoid
moisture influence on the methane adsorption uptake. Detailed information about these samples,
such as depth, mineralogical composition and pore structure, are referred to the original

publications (Li et al., 2017; Tang et al., 2016), and therefore only the pertinent data are shown
in Figure 2.
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Figure 2 Supercritical methane adsorption isotherms in four different shales under

elevated pressures and temperatures: experimental data retrieved from (Tang et al, 2016; Li
et al., 2017), and the solid line is to connect data points for visualization.

The observed adsorption isotherms under different temperatures are fitted simultaneously using
equation (4) within the limits of the fitting parameters (0<nmax <100 mmol/g, 0 <Vmax< 100 cm®/g,
0<a<1, 5 kd/mol <E;, E»<100 kJ/mol, 0<Ai, A,). The test data is processed using the Universal
Global Optimization (UGO) method of the Auto2Fit software (7D-soft High Technology Inc.,
China). The UGO can find the global maximum/minimal value of any functions without using the
initial start values. This global fitting method also helps overcome the disadvantage of a graphical
method, where the straight fitting line is not objectively determined (Pini, 2014). Once all fitting
parameters (Nmax, Va, K, @, E1, E2, A1 and Az) are obtained from fitting the observed adsorption
isotherms using equation (4), the absolute adsorption isotherms (equation 3), the adsorbed

methane density (equation 5), the isosteric enthalpy (equation 6) and isosteric entropy (equation
10) are readily available.
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Mathematically, equations (3, 4 and 5) represent two-dimensional surfaces as n,, ne and P, are
functions of two variables, P (pressure) and T (temperature). This also means that if the unknown
parameters (Nmax, Va, K, @, E1, E2, A1 and Az) in equation (3) are obtained, the two-dimensional
surfaces of na, ne and pa are readily available. Once the two-dimensional surfaces are known,
methane adsorption isotherms beyond the available test data can be readily extrapolated as they
are components of the two-dimensional surfaces. In order to emphasize this essential spatial
feature of adsorption isotherms as a function of temperature and pressure, this work will use the
adsorption isotherm surface to represent modeling results. For reader’s convenience, the
conventional adsorption isotherm curves and the extrapolating results for each individual
adsorption isotherm are shown in Supplementary Material.

3 Results and discussion
3.1 Adsorption isotherm surface

Modelling results support the proposal that equation (4) simulates methane adsorption behavior
in shales under test conditions very well as the RMSE (root of mean square error) is no larger
than 0.002 as shown in Table 1.

Table 1 Fitting parameters (equation (4)) for different shales

Nmax Va E: E, A1 Ao
Samples | o1y | (em3g) | © (kI/mol) | (kd/mol) | (MPat) | (MpPay | RMSE
FC72 04291 |0.0170 | 0.6812 | 21.375 | 13.726 | 0.000720 | 0.000443 | 0.0020
FC-66 | 0.3217 |0.0129 | 0.3042 | 13.654 | 21.122 | 0.000460 | 0.000767 | 0.0016
FC-47 |0.3442 |0.0133 | 0.1990 | 10.000 | 21.776 | 0.000868 | 0.000579 | 0.0011
Longmaxi | 0.1727 | 0.0085 | 0.8595 | 33.435 | 10.000 | 9.77E-06 | 0.004061 | 0.0019

Both the predicted absolute adsorption surface and Gibbs excess adsorption surface are shown
in Figure 3. These surfaces share the following characteristics: 1) the measured adsorption
uptake increases to a maximum and then decreases as a function of gas pressure, 2) the
crossover of measured adsorption isotherms under different temperatures occurs for observed
adsorption isotherms when the 2D surface is projected onto the adsorption uptake-pressure plane
because of the cone shape of the 2D surface, 3) the predicted absolute adsorption uptake
increases at elevated pressures, and 4) in all cases increase in temperature has a negative effect
on absolute adsorption uptake for methane in shales. All these features agree with observed
phenomena of supercritical gas adsorption in geomaterials, e.g., shale and coal (Weniger et al.,
2010; Gasparik et al., 2015; Tang et al., 2016; Tian et al., 2016; Li et al., 2017; Zhou et al., 2018;
Hu et al, 2018). Both the temperature- and pressure- dependent behaviour of the measured
methane adsorption uptake in shales can be attributed to the nature of the adsorbed methane,
and the density of adsorbed methane is a function of both the temperature and pressure as
discussed in Section 3.2 later. The maximum phenomenon in the measured adsorption uptakes
is the competition between the density of gaseous and adsorbed methane. The measured
adsorption uptake is the product of the volume of the adsorbed phase and the difference between
the density of the adsorbed and gaseous methane, shown in equation (2). It is worth pointing out
that the model used in this work assumes that the average volume of the adsorbed layer of
methane is constant, while the model in our previous work was based on the assumption that the
density of the adsorbed phase is an unknown constant (Tang et al., 2016a). The maximum
adsorption uptake is 0.1727 mmol/g for the Longmaxi shale, which is similar to the value obtained
in previous work, 0.1715 mmol/g (Tang et al., 2016a). The present work therefore provides an
alternative approach to model adsorption isotherms and interpret supercritical methane
adsorption behavior. The unique feature of the adsorption isotherm surface is that it can be used
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to extrapolate gas content under subsurface reservoir conditions as the adsorption isotherm is
part of the adsorption surface.
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Figure 3 Supercritical methane adsorption isotherm surfaces in different shales under
elevated pressures and temperatures: Blue to red colors represent predicted absolute

adsorption surface, white to dark grey colors represent fitting surface of measured adsorption
isotherms

3.2 Density of adsorbed phase of supercritical methane in shales

The density of the adsorbed phase of supercritical methane in shales as a function of pressure
and temperature is shown in Figure 4. The density of the adsorbed methane follows a Langmuir
type trend, which is always higher than the density of gaseous methane and always lower than
liquid methane density (26.33 mmol/g). These results agree with current understanding of the
adsorbed methane properties in porous media from MD simulations (Ambrose et al., 2010; Xiong
et al., 2016; Tian et al., 2017; Zhang et al., 2014 & 2016; Liu et al., 2018; Li et al., 2014; Jin et al,
2013 & 2016; Zhu et al., 2014; Wu et al., 2015; Zhao et al., 2018). The differences in behavior of
adsorbed methane density for the four shales can be attributed to their complex composition, pore
structure and surface properties. Figure 4 also shows that the difference between adsorbed
density and gaseous density first increases and then decreases with increasing pressures. This
variation essentially determines the behavior of measured adsorption isotherms because the
isotherms linearly increase with the density difference between adsorbed and gaseous phase
when the volume of the adsorbed phase remains constant (equation (2)). Our proposed method
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therefore provides another visualized interpretation for the observed behavior of measured
adsorption isotherms, which rises to a maximum and then decreases with increasing pressures.
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Figure 4. Density of adsorbed phase of supercritical methane in shales as a function of
pressure and temperature: black horizontal surface represents the liquid methane density,
colored surface represents the density of adsorbed phase, and the white to grey surface
represents the density of gaseous methane obtained from REFPROP package.

3.3 Thermodynamic analysis
The calculated isosteric enthalpy of adsorption for methane in shale ranges from -8 kJ/mol to -30
kJ/mol as shown in Figure 5. The negative sign means the adsorption is an exothermic process,
and the absolute value indicates methane adsorption in shales is a physical adsorption process.
The calculated isosteric enthalpy of adsorption is found to be inversely dependent on temperature
and the surface coverage (f). This behavior is typical of gas adsorption on a heterogeneous
surface where the adsorption sites are filled according to their energetic favorability. When the
surface coverage is approaching saturation, the corresponding isosteric enthalpy increases
slightly. The increasing isosteric enthalpy can be attributed to the strong adsorbate-adsorbate
interactions when the adsorbed layer is approaching saturation. Temperature has a negative
effect on isosteric enthalpy, and the higher the temperature the lower the isosteric enthalpy. When
the surface coverage is less than 0.1, temperature can significantly influence the isosteric
enthalpy. When the surface coverage is larger than 0.5, the isosteric enthalpy remains almost
constant. The isosteric enthalpy as a function of surface coverage and temperature is a concave
surface. The concave trend is similar to measured isosteric enthalpy for gas adsorption in porous
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media using calorimetry (Dunne et al., 1996; Sircar et al., 1999; Terzyk et al.,1999; Shen et al.,
2000; Giraldo et al, 2018; Moreno et al., 2018).
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Figure 5. Isosteric enthalpy of adsorption as a function of temperature and surface
coverage for methane in shales

The calculated isosteric entropy of adsorption for methane in shale ranges from -19 J/(mol K) to
-70 J/(mol K) as shown in Figure 6. The negative entropy values indicate that the adsorption
process is an enthalpy driven process. The calculated isosteric entropy of adsorption is also found
to be dependent on temperature and the surface coverage (#), and decreases with surface
coverage increase. This is because when gas molecules are adsorbed, their freedom of
movement becomes restricted. As temperature increases, the isosteric entropy decreases
because the adsorbed phase is “less restricted” due to rise in temperature. It is worth emphasizing
that the negative sign and the decreasing trend of the isoseric entropy does not violate the second
law of thermodynamics as it states that the entropy of the universe always increases. This is
because the entropy of the adsorption system does decrease but is more than compensated by
the increase in the entropy of the surroundings due to the heat released during gas adsorption.
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3.4 Comparison with conventionally used method

To demonstrate the applicability of the proposed model, we compare our modeling results with
those of two conventionally used methods, namely, the 3-parameter Langmuir model (egs.12 &
13) and 3-parameter supercritical Dubinin—Radushkevich (SDR) model (egs.14 & 15) (Li et al.,

2017),

K-P
Ne = Npax "1+KP (1 - %) (12)

K-P
Ng = Nyax - 1+KP (13)

Mo = Mg - exp{=D - [N - R-TI?}- (1 =22 (14)
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Mg = Nyax exp{=D - [InCH) - R-T]*} (15)

Where K is Langmuir constant, and D represents a pore structure parameter. For data processing,
the unknown parameters, n,,.,, K and p, in equation (12) and n,,,, D and p, in equation (14),
can be obtained through fitting each measured adsorption isotherm independently using a curve
fitting method such the least squares minimization (Tian et al, 2016; Rexer et al. 2013). The
absolute adsorption uptake can then be obtained using equations (13) & (15). For
thermodynamics potentials, the isosteric enthalpy (AH) and standard entropy (AS) are determined
by a linear relationship In(P) and 1/T at a specific absolute adsorption uptake. The term In (0.1) is
used for correcting the AS to the standard atmospheric pressure (0.1 MPa) (Li et al., 2017).

AH RIn(0.1)—-AS
In(P)p, = — 20+ HT (16)

It was demonstrated that both models fit the measured results very well, and details about the
fitting performance and the corresponding results are shown in Supplementary Material. This
section focuses on the comparison and interpretation of the modelling results from dual-site
Langmuir, Langmuir and SDR model on maximum adsorption uptake, adsorbed methane density,
absolute adsorption uptakes, and thermodynamic potentials.

Maximum adsorption uptake. It is generally accepted that the adsorption capacity of a shale is
positively correlated to its total organic carbon (TOC) content (Zhang et al, 2012; Rexer et al.,
2013; Gasparik et al., 2012; Weniger et al., 2010; Tian et al., 2016; Li et al., 2017; Zhou et al.,
2018; Hu et al., 2018). The dual-site Langmuir model in Figure 7 shows this relationship, where
the maximum adsorption uptake of shales increases with the increase of TOC. This can be
attributed to the nature of the organic matter in shales, which is rich in nanopores and thus
provides storage spaces for adsorbed methane. It is worthwhile to emphasize that the maximum
adsorption uptake of shales in this work refers to the intrinsic adsorption capacity of shales, which
is independent of test conditions and is determined by the pore structure and surface properties
of the shale. The temperature- and pressure- dependent behavior of the adsorption isotherms
solely relies on the adsorbed methane density as it is a function of temperature and pressure. Our
interpretation here is different from the empirical maximum adsorption uptake of shales in most
literature where equations. (12 & 14) are applied. The empirical maximum adsorption capacity is
obtained by fitting each measured adsorption isotherm individually via different adsorption
models, which show temperature- and pressure-dependent behavior (Zhang et al, 2012; Rexer
et al., 2013; Gasparik et al., 2012; Weniger et al., 2010; Tian et al., 2016; Li et al., 2017; Zhou et
al., 2018; Zou et al., 2017). In cases where researchers do not show the temperature-dependency
of the empirical adsorption capacity (Tang et al., 2016b), the obtained indexes could be
inaccurate because the temperature-dependent behavior contradicts with the assumptions of
adsorption models. Most adsorption models, such as the classic Langmuir model and pore-filling
models, assume that the adsorption sites or pore spaces do not change during adsorption
(Langmuir, 1918; Dubinin, 1965, 1960 & 1971). Our framework therefore provides a new way to
understand the temperature-dependent behavior of supercritical methane adsorption in shales
and allows researchers to more accurately estimate gas resources in subsurface shale
formations. It is worth to emphasize that the clay minerals in shale also have the capacity to
adsorb methane and thus contribute the total methane adsorption uptake in shales (Ji et al., 2012;
Fan et al., 2014; Heller et al, 2014 and Hwang et al, 2019), and more research works are needed
to clarify the contribution of clay minerals for the maximum methane adsorption uptake in shales.
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Adsorbed methane density. Since the equation of state for adsorbed methane is not
measurable, developing alternative ways to estimate the density/volume of the adsorbed methane
is key to understanding methane adsorption behavior in shales. Modelling results from the dual-
site Langmuir model shows that the density of the adsorbed methane follows a Langmuir type
trend, i.e., always higher than the density of gaseous methane and always lower than the density
of liquid methane (Figure 4). These findings agree with the molecular dynamics in that the density
of the adsorbed methane depends on both pressure and temperature (Tian et al., 2016; Rexer et
al., 2013; Hu et al., 2018; Zhou et al., 2018). If both methods, i.e., equations (13) & (14), are
adopted, one can obtain a constant density of adsorbed methane, which is independent of
pressure and temperature. For the tested shale samples, the adsorbed methane density ranges
from 18.89 mmol/cm? to 27.86 mmol/cm?, and therefore some obtained values are higher than
the density of liquid methane (26.33 mmol/cm?).This contradicts the widely accepted fact that the
adsorbed density is always lower than the liquid fluid density. Furthermore, this widely accepted
method for modeling methane adsorption in shales is essentially inaccurate because the
assumption of constant adsorbed density is suitable to a pore filling theory for vapor adsorption
in microporous materials such as activated carbon and not for organic-rich shales containing both
micropores (0-2nm) and mesopores (2-50 nm). Therefore, the dual-site Langmuir model provides
an alternative way to model methane adsorption behavior in shales, which also allows
researchers to probe the density of adsorbed methane in shales.

Absolute adsorption uptakes. Obtaining absolute adsorption uptake of methane in shales is
fundamental for accurately estimating shale gas resources as well as understanding shale gas
transport models in nanopores of shales. An incorrect ratio between adsorbed methane and
gaseous methane for methane in shales was historically reported in literature because the
absolute adsorption uptake and gaseous methane were estimated inaccurately (Tang et al.
2016a; Tang et al., 2017b). The absolute adsorption uptakes, extrapolated from measured data
for our four shales using equations (3), (13) and (15), are shown in Figure 8. It was found that the
absolute adsorption isotherm is a function of both temperature and pressure, and the absolute
adsorption uptake is always higher than the corresponding experimentally obtained data. The
absolute adsorption uptake from the dual-site Langmuir is much higher than that from the
Langmuir and SDR model, which can be attributed to the constant density of adsorbed methane
that comes from using equations (13) and (15) and a variable density of adsorbed methane using
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equation (3). Itis clear that using equations (13) and (15) underestimates the absolute adsorption

uptakes. The results may imply that the absolute adsorption uptake, obtained using routinely
applied methods, has been historically underestimated.
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Figure 8. Absolute adsorption uptake of methane in different shales: dotted points represent
data extrapolated from corresponding measured data, and lines are for guidance only.

Thermodynamic potentials. Thermodynamic potentials, such as isosteric enthalpy and entropy,
indicate the interactions between gas molecules and shales. The isosteric enthalpy/entropy of
adsorption calculated by the C-C equation through the curve fitting method (equation 15) has
historically been used for describing the methane-shale interaction for different shales (Zhang et
al., 2012; Gasparik et al., 2012; Rexer et al., 2013; Ji et al., 2015; Yang et al., 2015; Tian et al.,
2016; Zou et al., 2017; Shabani et al., 2018; Li et al., 2018a; Li et al., 2018b). This method only
gives a constant value of isosteric enthalpy/entropy for each adsorption isotherm, and the
empirical relationship between temperature and isosteric enthalpy/entropy can also be obtained.
For the tested shale samples, the isosteric enthalpy and entropy range from 21.8 kJ/mol to 22.2
kJ/mol and from 90.3 J/mol/K to 92.3 J/mol/K, respectively (Li et al., 2017). However, our work
indicates that this conventional approach is inaccurate because it cannot consider non-ideal gas
behavior and the contribution of the adsorbed phase because it applies the simplified form of C-
C equation. The temperature-dependent behavior of the isosteric enthalpy is disclosed from these
previous studies even though this behavior has been observed for gas adsorption in porous
materials and by temperature measurement (Yue et al., 2015; Cao et al., 2001). The simplified
form of C-C equation works well for dilute gas adsorption as ideal gas behavior is validand the
contribution of the adsorbed phase can be ignored. However, for supercritical gas adsorption, the
C-C equation significantly overestimates the isosteric enthalpy as real gas behavior deviates from
ideal gas law considerations and the volume of the adsorbed phase cannot be ignored. The
isosteric enthalpy and entropy depends on surface coverage and temperature and are not
constant for any one shale sample as shown in Figures 5 and 6. Therefore, both isosteric enthalpy
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and entropy of methane adsorption in shales cannot be compared without specifying the
corresponding surface coverage and temperatures, which was ignored in many previous studies
(Zhang et al., 2012; Gasparik et al., 2012; Rexer et al., 2013; Ji et al., 2015; Yang et al., 2015;
Tian et al., 2016; Zou et al., 2017; Shabani et al., 2018; Li et al., 2018a; Li et al., 2018b).

5 Conclusions

A rigorous framework to analyze adsorption equilibria for supercritical methane in shales has been
developed in this report. This framework can accurately account for non-ideal gas properties and
extrapolate absolute adsorption uptakes from measured adsorption isotherms. It allows accurate
description of the complex behavior of thermodynamic indicators such as enthalpy and entropy
relevant to adsorption. The modeling results were compared with results obtained using the
routinely applied Langmuir model and supercritical Dubinin—Radushkevich (SDR) model. Our
preliminary conclusions are as follows;

(1) The developed framework was successfully applied for describing supercritical methane
adsorption isotherms (up to 32 MPa and 393.15 K) in four different shales. The measured
and extrapolated adsorption isotherms in essence make up a two-dimensional adsorption
isotherm surface. The developed adsorption isotherm surface can predict adsorption
isotherms beyond experimentally obtained data.

(2) The maximum adsorption uptake of shale positively relates to the total organic carbon
(TOC) content, which is determined by the material property of the shale and is
independent of temperature. The higher the TOC, the larger the maximum adsorption
uptake.

(3) The adsorbed methane density is found to be temperature- and surface coverage-
dependent, and is higher the gaseous density but always lower than the density of liquid
methane.

(4) The calculated isosteric enthalpy and entropy present the temperature- and surface
coverage-dependent characteristics of supercritical methane in shales. In contrast, using
the simplified Clausius—Clapeyron equation always overestimates the isosteric enthalpy
and entropy and does not reveal the temperature-dependent characteristics.

Overall, the proposed framework lays the foundation for investigating supercritical fluid adsorption
behavior in shales and the associated thermodynamics potentials. This method also allows
analysis of how material properties of shales, such as composition, pore structure and surface
chemistry, affect estimation of shale gas resources and associated thermodynamic potentials.
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