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ABSTRACT: Shale/tight gas plays an increasingly important role to meet the growing
global energy demand and reduce carbon emissions. Unlike conventional reservoirs, shale
formations are subject to rock heterogeneity and have pore size distributions ranging from
sub-1 nm to a few micrometers. Thanks to the large number of nanosized pores, adsorbed
methane capacity plays a dominant role in total shale gas-in-place. Methane adsorption
behaviors can vary drastically in micropores and mesopores, and rock surface type may also
greatly affect its adsorption. In this review, we provide a systematic discussion on
measurements of shale rock properties including rock compositions and pore structures such
as specific surface area (SSA) and pore size distribution (PSD), which are important
parameters for methane adsorption in shale nanoporous media. We also provide in-depth
discussions on experimental measurements on methane (excess) adsorption in shale
nanoporous media, methane adsorption behavior characterization based on molecular
simulations, and various excess-adsorption-to-absolute-adsorption conversion methods. We
pay particular attention to the assumptions and working mechanisms proposed in various
interpretation methods which are embedded in pore structures (SSA and PSD) and absolute adsorption characterizations. In the
end, we summarize the key challenges in the methane adsorption characterization in shale media.

1. INTRODUCTION

As a relatively clean energy source compared to coal, natural gas
has become an important building block to reduce carbon
emissions.1 The demand for natural gas has gradually increased
in the past several decades, accounting for 24% of global energy
consumption in 2018.2 Thanks to the technological advance-
ments such as hydraulic and horizontal fracturings,3,4 unconven-
tional natural gas production from tight/shale formations plays a
vital role in achieving energy security and reducing air
pollution.5 In 2015, the Energy Information Administration
(EIA) estimated that the technically recoverable shale/tight gas
amount can be up to 215 trillion cubic meters (tcm).6 The
United States (U.S.) is one of the global leaders in shale gas
development with its shale gas production reaching 0.716 tcm in
2019, accounting for 75% of total U.S. dry natural gas
production in the same year.7 Thanks to the shale/tight gas
development, by 2017, the U.S. has become a net natural gas
exporting country, and by 2050, U.S. shale gas production could
account for more than 90% of its total dry natural gas
production.7 On the other hand, China has the largest
technically recoverable shale gas resource in the world which
is estimated as 31.6 tcm.6 In addition, China is the second largest
shale gas producing country after the U.S. in 2018.8,9 The shale
gas production in China has gradually increased in the past years
as it can alleviate China’s heavy reliance on natural gas imports
and assists its energy transition.2 In addition to these two
countries, shale gas resources are abundant worldwide, while

Canada10 and Argentina11 are also producing shale gas in
commercial quantities.12 According to the report from EIA in
2013,13,14 the top four continents in terms of technically
recoverable shale gas resources are North America (47.7 tcm),
South America (40.5 tcm), Asia (39.7 tcm), and Africa (38.5
tcm). In addition, a number of countries have put efforts into
shale gas exploration and exploitation, such as Poland,15

Pakistan,16 Australia,17 and South Africa.18

Shale formations, unlike conventional reservoirs, have
characteristics of low porosity and low permeability due to
their complex microstructures and pore systems.19,20 Typically,
the permeability of shale rock is extremely low, ranging from
nanodarcy (nD) to a fewmicrodarcy (mD).21 The pores in shale
have a broad range of size distributions from sub-1 nm to a few
micrometers,22 while they are generally classified into micro-
pores (pore size smaller than 2 nm), mesopores (pore size
between 2 and 50 nm), andmacropores (pore size larger than 50
nm).23 In addition, shale media consist of organic and inorganic
matters.23,24 The inorganic matters include, clay minerals,
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carbonates, and sandstones, which are generally hydrophilic.23

On the other hand, as the main constituent of organic matters,
kerogen, which originates from sedimentary rocks by the
decomposition of buried organic matters,25 is insoluble in polar
organic solvents.25,26 It has been shown that in the presence of
CO2 and hydrocarbons, kerogen can swell to varying degrees.

27

Both organic and inorganic matters in shale can contain a
significant number of nanoscale pores, which greatly contribute
to methane (the main constituent of natural gas) adsorption in
shale. On the other hand, the moisture content in shale
formations is non-negligible,28 and the presence of (formation)
water can occupy pore space and block pore throats.29 Gas
sorption in shale media generally consists of free gas existing
mesopores, macropores, and fractures; adsorbed gas which fills
pore throats or adsorbed on the pore surface due to strong
fluid−surface interaction; and absorbed gas which is dissolved
within kerogenmatrix.30 Among them, adsorbed gas is estimated
to account for 20%−85% of total shale gas-in-place (GIP).31

Therefore, the accurate determination of shale gas adsorption is
imperative to gas storage capacity estimation and well
productivity.24

It has been reported that shale pore structures have a
significant influence on gas storage and transport mecha-
nisms.32,33 Various laboratory techniques including scanning
electron microscopy (SEM),21,34 field emission electron
microscopy (FE-SEM),22,35 focused ion beam scanning electron
microscopy (FIB-SEM),36,37 transmission electron microscopy
(TEM),22,38 atomic force microscopy (AFM),34,39,40 nano-CT,
and nanotransmission X-ray microscopy41,42 have been applied
to characterize pore types, shapes, and distributions. In terms of
pore size characterizations, measurements such as mercury
injection capillary pressure (MICP),21−23 nuclear magnetic
resonance (NMR),43−45 and small-angle neutron scattering
(SANS)46−49 have been widely used. In addition, gas adsorption
measurements such as low-pressure N2 adsorption/desorption
analysis and CO2 adsorption50 associated with various
thermodynamic models such as the Barret−Joyner−Halenda
(BJH) method,51,52 nonlocal density functional theory
(NLDFT),32,53 Brunauer−Emmett−Teller (BET) meth-
od,23,54,55 and Dubinin−Radushkevich (DR) model47,56,57 are
applied to obtain pore size distribution (PSD), specific surface
area (SSA), and pore volume (PV). Each of the above-
mentioned methods has its own advantages and disadvan-
tages,33 while varying thermodynamic assumptions applied may
result in drastically different interpretations.58

The geophysical properties of shale rocks have been generally
characterized by total organic carbon (TOC) analysis,59−61

rock-eval pyrolysis,62−65 and X-ray diffraction (XRD) experi-
ments66−69 to determine the TOC content, thermal maturity,
and chemical compositions. Generally, the adsorbed methane
amount has a positive correlation with the TOC content in shale
samples,23,70,71 while clay minerals can also significantly
contribute to shale gas adsorption.23 In addition, experimental
studies have reported that methane adsorption in shale
significantly decreases due to the presence of moisture.23,70,72,73

On the other hand, the burial depth of shale reservoirs generally
ranges from 800 to 7000 m,74−79 leading to a temperature
gradient from 20 to 30 K/km1,78,80 and a pressure gradient
around 100−150 bar/km,75,80−83 resulting in typical shale
reservoir temperature and pressure up to 450 K57,78,80 and 700
bar,83−86 respectively. As a result, a high-pressure and high-
temperature gas adsorption measurement is necessary to mimic
the in situ condition and describe the accurate adsorption

behaviors.87,88 However, most shale gas adsorption measure-
ments are limited to relatively moderate pressure conditions.57

Moreover, the current gas adsorption measurements can obtain
the excess adsorption from a macroscopic perspective, while the
absolute adsorption amount which represents the actual
adsorption amount needs to be converted.89−91 Generally,
thermodynamic models such as Langmuir,80,87,92−96 super-
critical Dubinin−Radushkevich (SDR),57,87,97−99 BET or
supercritical BET (SBET),100−103 simplified local-density
(SLD),104−106 and Ono−Kondo (OK) model107−109 are
applied for methane absolute adsorption conversion. All these
models are built upon their own specific assumptions, which
carry different degrees of limitations. In addition, the methane
absorption in kerogen is reported to contribute up to 22% of the
total gas amount in shale.110,111 However, the effect of gas
absorption has been rarely taken into account to convert the
measured excess adsorption into the absolute adsorption due to
the difficulties in distinguishing absorption and adsorption
which occur simultaneously during gas adsorption measure-
ments.112,113

While it is challenging for experiments to directly observe an
adsorption mechanism under nanoscale, statistical thermody-
namic approaches such as Monte Carlo (MC) simulation,
molecular dynamics (MD) simulation, and density functional
theory (DFT) enable researchers to take into account the
characteristics of adsorbates as well as adsorbents and investigate
gas adsorption mechanisms in shale from a microscopic
perspective. The adsorption properties such as adsorption
amount and density distributions have been studied by explicitly
considering the effect of organic/inorganic matters,114,115

pressure/temperature conditions,99 confinement,116,117 pore
structure,33,118 and moisture content.28,119−121 In addition,
these statistical thermodynamic approaches have also been
applied to study the conversion of excess adsorption into
absolute adsorption.99,100,122 Although these approaches
provided important insights into the conversion of excess
adsorption to absolute adsorption, daunting challenges still
remain in current studies due to the complex shale media
characteristics including rock heterogeneity and pore size
heterogeneity.
In the past, there have been a number of excellent review

papers about shale studies, including pore structure chracteriza-
tions,33 gas adsorption and diffusion,123,124 various applied
adsorption models,125 gas transport,124,126 and CO2 enhanced
gas recovery.127 Our review mainly focuses on the recent
progress on the shale gas absolute adsorption estimation,
especially converted from the excess adsorption. As shale rock
properties as well as PSD and SSA play a crucial role in the gas
adsorption behaviors, we provide in-depth discussions about
commonly used characterization methods, while paying
particular attention to the inherent assumptions and working
mechanisms proposed in the interpretation methods.
The remainder of this review is organized as follows. In

Section 2, we discuss shale pore structure characterization and
rock composition analysis. In Section 3, we first discuss several
commonly applied experimental measurements on PSD and
SSA characterization including the SANS/UANS method,
NMR, MICP, and widely used gas (N2 and CO2) adsorption/
desorption experiments. Then, some typical interpretation
methods for adsorption/desorption isotherms are discussed.
In Section 4, we briefly discuss general characteristics of
methane adsorption in shale and various factors which impact
methane adsorption capacity. In Section 5, we first introduce the
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concepts of excess and absolute adsorption and two commonly
used adsorption measurements from a macroscopic perspective.
Then, we illustrate the understanding about methane adsorption
behaviors in shale nanoporous media by molecular simulations
from a microscopic perspective. In the end, a number of
commonly used excess-adsorption-to-absolute-adsorption con-
version methods are systematically analyzed. In Section 6, we
summarize key conclusions of current understandings and
challenges in shale gas studies.

2. GENERAL CHARACTERISTICS OF SHALE ROCKS

As pore structures and rock compositions play important roles in
methane adsorption in shale media, in this section, we briefly
discuss recent advances, while more details about pore structure
and imaging techniques can be referred to other review
papers.33,128

2.1. Characterization of Pore Structure. Nanoscale
imaging via SEM has been applied to study pore structure,
poremorphologies, and their distributions within organic matter
(OM) and host minerals.129 While SEM can directly detect the
locations and types of pores, it has difficulties capturing most of
the pores smaller than 5 nm, while only providing pore
characteristics within the specific observation area in the
samples.130 In addition, a two-dimensional SEM cannot reveal
the pore connectivity.131 Other direct imaging techniques,

including scanning transmission electron microscopy
(STEM)132 (detecting pores as small as 2 nm), AFM40

(detecting pores smaller than 2 nm), and helium ionmicroscopy
(HIM)133 (detecting pores as small as 1 nm), have a higher
resolution. Some typical pore types identified in SEM images are
shown in Figure 1. The classification of pores in terms of pore
morphologies can be divided into the interparticle and
intraparticle pores between and within the inorganic matter
matrix, respectively, and organic intraparticle pores according to
Loucks et al.134 Micropores and mesopores can also be
identified as shown in Figure 2. Organic intraparticle pores are
commonly observed135 in various shapes including slit, elliptical,
triangular, and square22,135−137 (Figure 3), while micropores
and mesopores are also observed in an inorganic matrix (Figure
4). In addition, Elgmati et al.138 observed various types of
porosities in shale samples from Fayetteville formations
including interparticular, intergranular, kerogen, vuggy, pyrite
frambloids, and fractures by SEM. They found that kerogen is
porous which contains a large number of pores with sizes in the
range of 5−100 nm, while inorganic matter is closely packed.
Klaver et al.139 analyzed porosity and pore connectivity of
organic-rich Posidonia shale samples via mercury intrusion
porosimetry and broad ion beam milling (BIB) with SEM
imaging. They observed that themajority of pores are connected
via a pore throat smaller than 10 nm.139 In addition to these

Figure 1. FE-SEM images of various pore types in high-maturity Longmaxi shale samples. Reproduced from Cao et al.146 with permission. Copyright
(2016) Elsevier.
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direct observation methods, fractal analysis which is an indirect
method has been applied to study shale pore structures. Yang et

al.140 characterized the fractal properties of shale samples from
the Low Cambrian Niutitang formations and found that the
organic matter and micropores have a great impact on fractal
dimension. In addition, the nano-CT method has been widely
used in characterizing spatial distributions of pores and fractures
in shale samples and their connectivity.141,142 The determi-
nation and segmentation of different rock compositions are
based on the gray values.143 Figure 5 presents the construction
of 3D spatial distributions of organic matter and pores in shale
samples from Ordos basin.144 The larger microsized pores are
regarded as the main pathway to connect pores. It is found that
pores are mostly located in organic matter with a better
connectivity. Generally, the resolution of nano-CT is around
60−80 nm. Tang et al.145 compared the porosity of Silurian
Longmaxi Formation shale samples obtained from nano-CT and

Figure 2. Helium ion microscopy image of Devonian shale samples.
Reproduced from King et al.133 with permission. Copyright (2015)
American Chemical Society.

Figure 3. Different morphology of Longmaxi shale pores in the Sichuan Basin. Reproduced from Liu et al.143 with permission. Copyright (2020)
Elsevier.

Figure 4. SEM image of pores in inorganic matrix in Wufeng−
Longmaxi shale. Reproduced from Chen et al.147 with permission.
Copyright (2019) Elsevier.
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FIB-SEM nanoporosity, observing a large proportion of porosity
contributed to by pores under 65 nm. Yang et al.143 found that
the porosity of connected pores is larger than 1% in Upper
Cretaceous Nenjiang shale, and the total porosity, especially the
connected porosity, can be roughly determined by nano-CT.
2.2. Compositional Characterization of Shale Rocks.

On the basis of the depositional environment, shale can be
divided into marine shale, continental shale, and translational
shale.148 The total organic content (TOC) in organic-rich shale
varies in different formations,149−152 while it is reported that the
content of brittle minerals including quartz, feldspar, calcite, and
dolomite in marine shale is less than that in continental shale
which is easier to create fractures.148 Both organic and inorganic
matters can exist in shale, each showing different structural
properties.114 Clay minerals are one of the main constituents of
inorganic matters which contributes to gas adsorption in shales
by providing significant micropore volume and adsorption
sites.132,153 The type and structure of clay minerals play key roles
in gas adsorption, while the mineral composition can be
analyzed through X-ray diffraction (XRD) patterns.67,68 Clay
minerals consist of a Si−O tetrahedral layer and Al−O
octahedral layer. A double-layer structure consists of one Si−
O tetrahedral layer and one Al−O octahedral layer such as
kaolinite, while illite, chlorite, andmontmorillonite form a three-
layer structure with two Si−O tetrahedral sheets sandwiching
one Al−O octahedral sheet.29,154 The silica atom and aluminum
atom in the Si−O sheet and Al−O sheet can be replaced by
aluminum and magnesium atoms to form negatively charged
clay minerals such as montmorillonite and illlite.99,155 A number
of pore structure characterizations and compositional properties
of shale samples from various formations are shown in Table 1.
The reported TOC and clay content range from 0.01% to 37.8%

and 0.4% to 83.49%, respectively. In addition, the illite and illite/
smectite interstratified clays are the dominant clay minerals. The
N2 BET surface area, micropore volume, and pore volume vary
in different samples. Ji et al.29 investigated the methane
adsorption in clay-rich shale rocks and found that the adsorption
capacity is in the order of montmorillonite > I−S (illite-
smectite)mixed layer > kaolinite > chlorite > iIllite. On the other
hand, Xiong et al.114 conductedmethane adsorption in inorganic
matter and found that the adsorption capacity in illite is higher
than that in chlorite.
Kerogen can develop abundant micropores and mesopores,

which provide large SSA for methane adsorption.156 TOC,
thermal maturity, and kerogen types are important factors
controlling methane adsorption behaviors.29,157 There is an
overall positive correlation between methane adsorption
capacity and TOC, thanks to the large number of micropores
present in kerogen providing a high surface area for adsorption
as well as gas dissolution within the kerogen matrix.21,22,70 The
kerogen pore network contains the majority of the adsorbed gas
as well as some free gas.158 In addition, it has been reported that
in organic-rich marine shale, the majority of micropores are
within kerogen, while inorganic matter mainly hosts mesopores
with sizes ranging from 2 to 10 nm.159,160 Kuila and Prasad161

studied the PSD in clay minerals and shale rocks and found that
the mineralogy can influence the PSD, while micropores and
mesopores are influenced by the abundance of illite/smectite
clay. Xiong et al.150 reported the importance of clay in the
development of micropores in translational shale, while the
mesopores and macropores contribute to the total pore volume.
The development of micropores and mesopores in kerogen

also depends on thermal maturity. As kerogen thermal maturity
increases, the H/C and O/C atomic ratios decrease.114 The

Figure 5. 3D nanoscale views of organic matter and pore distributions in shale sample: (a) organic matter distribution, (b) distribution of pores within
organic matter, (c) distribution of pores within inorganic mineral matrix, and (d) distribution of all pores. Reproduced from Guo et al.144 with
permission. Copyright (2015) Elsevier.
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kerogen maturity could impact the methane adsorption in
organic pores by influencing the pore generation. Hu157

performed methane adsorption experiments in two isolated
type II kerogens from Barnett shale samples and found a higher
adsorption capacity in an overmature kerogen than that in an
immature kerogen. They attributed such a phenomenon to the
nanopores opening up by thermal degradation of kerogen during
catagenesis,162 which would possibly increase the surface area in
an overmature kerogen. Curtis et al.163 used FIB-SEM to
investigate the secondary organic porosity evolution in Wood-
ford shale samples. They did not find the presence of organic
porosity unless vitrinite reflectance (Ro) reached up to 0.9%,
while the porosity in organic matter develops at a higher thermal
maturity. They also mentioned that due to the complicated
factors such as organic matter types, the porosity cannot be
simply predicted from the maturity. In addition, Milliken et
al.130 investigated several shale samples from Marcellus
formations with varying thermal maturities and concluded that
TOC rather than maturity is the major controlling factor on
pores in organic matter. For overmature shales, Wang et al.59

studied the porosity in samples from Lower Cambrian shale and
Upper Ordovician−Lower Silurian shale and reported a
declining trend of organic matter porosity with Ro above 2%.
They also found that in overmature shale, the increase in
porosity with TOC is significant in samples with TOC < 5%,
while the positive correlation becomes less obvious as TOC
increases.
In addition, another important factor affecting adsorption

capacity is the presence of moisture.29,164 Moisture is widely
present under in situ conditions,165,166 and initial water
saturation can be over 40% in some gas-bearing shale.167 Passey
et al.168 reported that water can be preferentially adsorbed on
the clay surface, which can greatly reduce methane adsorp-
tion.169 Experimental studies have shown that water can be
trapped in kerogen nanopores even for an overmatured
kerogen.48,170 The water confined in small pores can form a
water bridge and potentially block the micropore thoroughly,171

while the adsorbed water is less likely to block pore throats in
large mesopores.172 As a result, the decreased adsorption
capacity in organic-rich shale can range from 40% to 95%
compared to dry conditions.23,72,173 Due to the hydrophilic
nature of clay minerals, the existence of moisture is generally
linked to water adsorption in clay.174 Ross and Bustin23

observed significant decreases in gas adsorption capacity in
moisture-equilibrated illite and montmorillonite samples, while
the adsorption capacity remains unchanged in kaolinite samples.
On the other hand, a few experimental works175−177 observed
no apparent correlation between adsorption capacity and
moisture content. They generally proposed that the moisture
adsorption mainly occurs in clay minerals, while the gas
adsorption in organic matter is less affected. In addition, Feng
et al.54 reported that pore structure characteristics can be
affected by moisture as the capillary water can block smaller
pores and form water films in clays, while the decline in SSA in
illite and montmorillonite can be up to 35%.

3. CHARACTERIZATION OF PORE SIZE DISTRIBUTION
AND SPECIFIC SURFACE AREA

Unlike the conventional reservoirs, shale media typically has a
PSD ranging from sub-1 nm to a few micrometers,22 while
methane adsorption behaviors inmicropores andmesopores can
be drastically different.116 In addition, methane adsorption
capacity in shale is correlated well with SSA.181 Therefore, the

accurate characterization of PSD and SSA is imperative to the
estimation of methane adsorption capacity in shale.50 In this
section, we discuss commonly applied experimental measure-
ments on PSD and SSA characterization as well as gas (N2 and
CO2) adsorption/desorption isotherm-based measurements
and their corresponding interpretation methods.

3.1. Commonly Applied Experimental Measurements.
SEM which provides petrographic images as discussed in
Section 2.1 can obtain a direct observation of pore morphology
in shale rocks, while multiple characterization methods can
quantify PSD and SSA. Generally, PSD and SSA are
characterized by various techniques such as small-angle/
ultrasmall angle neutron scattering techniques (SANS/
USANS),46,182 nuclear magnetic resonance (NMR),183,184

mercury intrusion capillary pressure (MICP),47,185 and gas
(N2 and CO2) adsorption/desorption.50,186 Each method is
based on its own specific theoretical background to infer the
corresponding pore structures.133 Therefore, these techniques
have their own advantages and limitations, while the
combination of several methods are commonly applied for
pore structure characterization.128 We address the gas
adsorption/desorption-based methods and their interpretation
models exclusively in Section 3.2.
SANS/UANS have been widely used to study PSDs in coal

and shale.46,182,187,188 In contrast to MICP, these methods
conduct nondestructive measurements and can characterize
pores ranging from micropores to macropores assuming a
spherical geometry.189 Moreover, the measurement is con-
ducted under elevated pressure and temperature conditions
without the influence of either fluid−surface interactions or
percolation.47 PSD and SSA can be interpreted via the regression
of the polydisperse spheres (PDSP) model by identifying the
characteristic power law of scattering intensity within the range
of scattering vector Q, given as Q = 4πλ−1 sin(θ) related to the
neutron wavelength (λ) and scattering angle (2θ).133 The slope
in log−log scale is determined by the surface fractal
dimensions.133 The pore radius r can then be expressed by r ≈
2.5/Q.190 Clarkson et al.47 and Sun et al.46 reported that the pore
size characterized by SANS/UANS can range from 2.5 nm to 2.5
μm. Moreover, Clarkson et al.47 conducted comparative
measurements of SANS/UANS with gas adsorption techniques,
and they found a reasonable agreement in terms of PSDs in
North American shale. Bahadur et al.182 tested the Cretaceous
shale samples by using SANS/UANS and found that both
micropores and mesopores contribute to the porosity and SSA.
Nuclear-magnetic-resonance (NMR) measurement is one of

nondestructive methods which injects low-viscosity fluids to
characterize PSDs.45,183,184 By detecting specific atomic nuclei
resonant frequencies of injected fluids, PSD is obtained by
calibrating NMR T2 (transverse relaxation time) spectra which
reflects the fluids stored in pore space. The expression of T2
spectra at the ith time constant can be given as 1/T2,i = ρpSi/Vi,
where ρp and Si/Vi represent surface relaxivity (μm/ms) and the
ratio of pore surface area to the pore volume (μm−1),
respectively.43 The relationship between surface volume ratio
and pore radius r (μm) can be expressed by using pore shape
factor α as Si/Vi = α/r, while the possible pore geometry needs to
be presumed. The shape factors for spherical, cylindrical, and slit
pores are 3, 2, and 1, respectively (in a slit geometry, the pore
radius is half of the pore width). Sigal191 conducted NMR
measurements to obtain PSDs in organic shale reservoir rock
samples by assuming spherical pores. The methane Langmuir
adsorption isotherm is used to assist their T2 spectra calibration
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for PSD determination. The observed pore diameters range
from 1 to 100 nm, with the pores smaller than 10 nm accounting
for 20%−40% of total pore volume. However, they also pointed
out that PSD would shift to smaller sizes if a slit geometry is
presumed. In addition, the application of the Langmuir model
which describes gas adsorption on a single energetically
homogeneous surface as we discuss later is questionable in
shale nanoporous media with rock heterogeneity.88 Li et al.192

argued that the signals from H-containing components of shale
rocks such as kerogen and connate water would affect the
converted PSD from NMR T2 spectra, while Liu et al.43

deducted the signal of a shale matrix from the T2 spectra.
MICP is widely applied in characterizing pore-throat size

distribution (not pore size distribution) in both conventional
and unconventional shale rocks.185 Washburn’s equation193

which assumes a bundle of cylindrical tubes is applied to convert
the mercury intrusion pressure to pore throat size in porous
media, given as

γ θ= −
D

P
4 cos( )

i

whereD is the throat diameter, γ the interfacial tension between
liquid mercury and a vacuum (480 dyn/cm at 20 οC), θ the
contact angle in the mercury−vacuum−substrate system, and Pi
the mercury intrusion pressure. The schematic representation is
shown in Figure 6. The coefficient 4 is because a cylindrical

throat yields a spherical-type curved interface. While the contact
angle in the mercury−vacuum−substrate system is one of the
important parameters for the MICP analysis, the measurement
is usually conducted in a mercury−vapor−substrate system and
is reported to vary with different materials, for example, 128°−
148° on glass194 and 139°−160° on kaolinite.195,196 However, a
fixed contact angle value as 130° or 140° has been generally used
in MICP analysis for shale rock characterization.197,198 In
addition, due to the compressibility and possible sample
destruction under high intrusion pressure,43,47 the intrusion
pressure should not exceed a certain value,161 and the lower limit
of the pore throat diameter is around 3 nm, while the upper limit
is around 200 μm.47 Moreover, Sigal191 found that the mercury
porosity obtained from the penetrated liquid mercury volume is
about half of the helium porosity, indicating that mercury
penetration is limited. Such underestimations of mesopore and
macropore volumes arise from the shielding effect.199

3.2. Gas Adsorption/Desorption and Their Interpreta-
tions. Low-pressure gas (N2 and/or CO2) adsorption/
desorption isotherms have been widely used to characterize

PSD and SSA of shale samples and isolated kerogens.160,186 N2

adsorption/desorption isotherms at 77 K for pressures up to its
saturation pressure P0 can detect pores of widths larger than 2
nm and up to 300 nm,47 as N2 has an insufficient penetration
into micropores under low pressures.200 CO2 adsorption at 273
K is used to quantify the micropore distributions in the range of
0.33−2 nm. Psarras et al.50 reported that the underestimation of
SSA and PV in the tested Eagle Ford shale samples can reach up
to 28% and 68%, respectively, if only N2 adsorption/desorption
is applied, indicating the importance and necessity of combining
CO2 adsorption measurement. In a number of works,185,201,202

the SSA and PSD for micropores (<2 nm), mesopores (2−50
nm), and macropores (>50 nm) are characterized by using CO2

adsorption, N2 adsorption/desorption, and MICP, respectively.
Six types of adsorption/desorption isotherms are suggested by
IUPAC,203 including microporous materials (Type I), non-
porous or microporous materials (Types II and III),
mesoporous materials (Type IV), micro-to-mesoporous media
with weak adsorbate−adsorbent interactions (Type V), and
nonporous materials with smooth surfaces and layer-by-layer
multilayer adsorption.204,205 In some cases, adsorption and
desorption isotherms do not coincide with each other, yielding
hysteresis loops. Figure 7 presents representative N2 adsorp-
tion/desorption and CO2 adsorption isotherms in organic-rich
shale samples from the Sichuan Basin.206

In order to convert experimentally measured adsorption/
desorption isotherms to SSA and PSD, interpretation methods
are essential. The thermodynamic models such as Brunauer−
Emmett−Teller (BET)207 and Barrett−Joyner−Halenda
(BJH)208 methods have been widely used to obtain SSA and
PSD based on N2 adsorption/desorption isotherms. However,
due to the strong fluid−surface interactions in nanoporous
media, these models should be applied with caution.58,209

Nonlocal density functional theory (NLDFT) which can
account for both fluid−fluid and fluid−surface interactions has
been applied for PSD and SSA characterizations based on N2

adsorption/desorption and CO2 adsorption isotherms as
recommended by IUPAC. Very recently, Shi et al.210

summarized various PSD and SSA characterization methods
used in nanoporous materials. In the following subsections, we
explicitly discuss these thermodynamic models and their
inherent assumptions as well as limitations.

3.2.1. Brunauer−Emmett−Teller (BET) Method. The BET
method207 has been widely used to obtain SSA of porous media
by interpreting N2 adsorption isotherms in various engineering
applications.161,211,212 The BETmodel is based on the extension
of the monolayer Langmuir adsorption model, which intends to
describe multilayer adsorption on a single energetically
homogeneous surface.209,213 The schematic diagram of BET
multilayer adsorption is shown in Figure 8(a). The basic
assumptions207 in the BET model include: (a) The flat surface
shows characteristics of geometrical and energetical homoge-
neity with equal surface density and energy for each site. (b) The
adsorbate molecules physically adsorb on the surface in layers
infinitely. (c) The adsorbate molecules only interact with
adjacent layers without lateral interactions. (d) The enthalpy of
adsorption for the first layer is constant and greater than the
second (and higher). (e) The enthalpy of adsorption for the
second (and higher) layers is the same as the enthalpy of
liquefaction. The resulting BET equation is given as207

Figure 6. Schematic representation of MICP.
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where P and P0 are bulk pressure and saturation pressure of the
adsorbate, respectively; n and nm represent the total adsorption
amount at pressure P and the monolayer capacity, respectively,
and k0 is related to the energetic of adsorption in the system,
which can be given as

=
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E E
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where E1 represents the heat of adsorption for the first layer, and
EL is that for the second and higher layers and is equal to the heat

of liquefaction. The right-hand side of eq 1,
−
P P

n P P
/

(1 / )
0

0
, has a

linear correlation with the term P/P0 with the slope and

intercept on the y-axis (Figure 8(b)) as −k
n k

10

m 0
and

n k
1

m 0
,

respectively. It is generally believed that in the relative pressure
(P/P0) range from 0.05 to 0.35,214 N2 monolayer adsorption
occurs,215 and then nm and k0 are obtained from the slope and
intercept on the y-axis through a linear regression of BET plot.
The BET SSA, SBET, can then be obtained as

=S n aBET m
2

(2)

where a2 is the cross-sectional area of single N2 molecule, which
is generally given as 0.162 nm2.207 It is obtained by assuming that
N2 molecules are completely accommodated in the monolayer,

and the density is equal to the bulk liquid at 77 K with a
hexagonal close packing.207

However, the BET model should be applied with cautions in
nanoporous media.215,216 In principle, in the framework of the
BET model, the adsorption occurs on a single energetically
homogeneous surface. However, in shale nanoporous media, the
rock heterogeneity is omnipresent, and the overlapped fluid−
surface interactions in micropores and some small mesopores116

might cause overestimation of BET SSA.217 The overestimation
in the BET monolayer capacity in microporous materials, such
as metal−organic frameworks (MOFs), which is described as
“pore filling contamination”, has been well documented.218

Despite the N2 adsorption isotherm being purely determined by
adsorbate−adsorbent and adsorbate−adsorbate interactions,
the BET surface area is also dependent on the choice of cross-
sectional area219,220 and pressure range for linear fitting.214

Rouquerol et al.221 proposed consistency criteria for N2
adsorption isotherm analysis, which ensures a positive
adsorption energy and an increased adsorption amount as
pressure increases. In addition, surface chemistry211 and pore
morphology211,219,222 are also reported to influence the BET
surface area in silica and porous glasses by performing a grand
canonical Monte Carlo (GCMC) simulation to mimic N2
adsorption. On the other hand, as mentioned above, the BET
model is conducted to interpret the N2 adsorption isotherm,
while N2 might have limited access to micropores in shale.
The BETmodel has been widely used tomeasure SSA in shale

samples. The measured BET SSA of shale rocks can range from
0.02223 to 34.33 m2/g185 for various samples in different
formations, while the measured BET SSA in isolated kerogen
can be up to over 300 m2/g.146 Not only the chemical
compositions of organic and inorganic matters in shale are
different but also different types of kerogen would result in
different surface chemistries. Moreover, the kerogen pore
surface is not smooth,224 carrying varying degrees of surface
roughness. Kuila and Prasad161 recommended the use of
consistency criteria proposed by Rouquerol et al.221 Moreover,
as the BETmodel only provides qualitative estimation of surface
area, it should be used with cautions for quantitative

Figure 7. (a) N2 adsorption/desorption isotherms. (b) CO2 adsorption isotherm in organic-rich shale samples from the Sichuan Basin. Reproduced
from Wei et al.206 with permission. Copyright (2014) Elsevier.

Figure 8. Schematic representations of (a) BET multilayer adsorption
model and (b) BET linear plot.
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computation of the average pore diameter71,225 by combining
the BET surface area and total pore volume.
3.2.2. Barret−Joyner−Halenda (BJH) Model. The BJH

model is widely applied to obtain PSD in shale media by
interpreting the N2 adsorption/desorption isotherm at 77
K.80,161,226 The schematic representations of the BJH model
are plotted in Figure 9.

Within the framework of the BJH model, the fluids are
confined in a cylindrical pore with a radius rp (we note that other
geometries such as slit are also possible), consisting of an
adsorbed phase with a thickness of t on the pore surface and a
free gas phase in the middle of the pore with a cylindrical
geometry of radius rf = rp− t. The adsorbed phase is assumed as a
homogeneous liquid phase with its density the same as the liquid
N2 density at P0 and 77 K, and its thickness t increases as
pressure increases.161,209 The free gas phase is homogeneous
with its density the same as the bulk N2 gas density at a given
pressure. The onset capillary condensation/evaporation pres-
sure P in the free gas phase is described by the simplified Kelvin
equation,227 assuming a zero contact angle

αγ
=

−
i
k
jjjjj

y
{
zzzzz

P
P

V
RT r t

ln
( )0

m
l

p (3)

whereVm
l is the molar volume of liquid N2 at 77 K and P0, γ is the

bulk vapor−liquid N2 interfacial tension at 77 K, R is the gas
constant, T is the temperature, and α is the shape of the vapor−
liquid interface. During N2 adsorption, it is assumed that as
pressure increases, t increases, and the shape of the vapor−liquid
interface remains as the side of a cylinder. During N2

desorptions, as pressure drops, the shape of the vapor−liquid
interface remains as the part of a sphere. Therefore, α= 1 andα =
2 represent the condensation (adsorption) and evaporation
(desorption) processes, respectively. The schematic representa-
tions of vapor−liquid interfaces are shown in Figure 9(c) and
(d). In order to convert adsorption/desorption isotherms to
PSD, knowledge of the adsorption layer thickness is necessary.
The Harkins−Jura t-plot228 and αs-plot

206 have been applied to
calculate t. Compared with the αs-plot, the Harkins−Jura t-plot
is more widely applied,206 which is given as

=
−

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
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Ö
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t

0.1399

0.034 log P
P

1/2

0 (4)

It should be noted that the parameters in the Harkins−Jura t-
plot are obtained based on N2 adsorption on aluminum
hydroxides and oxides with a slit-shaped pore geometry at 78
K.229,230 Kruk et al.231 reported that increasing t given in eq 4 by
0.3 nm can provide a good prediction for the pore diameter in
MCM-41 ranging from 2 to 6.5 nm. In addition, Kuila et al.232

showed that the discrepancy of differential pore volumes of
using different thickness equations can be as high as 60%.
Moreover, it has been revealed that there is an artificial peak
around 4 nm in PSDs obtained by using desorption
isotherms,80,201 due to the tensile strength effect (TSE) arising
from the breaking of meniscus.233 Such a tensile strength effect is
usually taking place in the pressure range of 0.45−0.55 P/P0,
where there is a sudden drop in desorption isotherm,226,233 and
results in delayed desorption due to the blocking effect of a
narrow neck in ink-bottle shaped pores.
The BJH model is generally applied based on the assumption

of cylindrical pores, whereas different pore shapes are observed
in shale rock from SEM images as discussed in Section 2,
indicating pore geometry disparity.19 The BJH model cannot
accurately describe N2 adsorption/desorption isotherms in
micropores and small mesopores, where the capillary con-
densation/evaporation disappear.234,235 Coasne et al.222 tested
the validity of the BJHmethod for silica nanopores with different
geometries (cylindrical, elliptical, and constricted pores) by
using GCMC simulations. They found that the pore diameter
from the BJH method is underestimated, which is consistent
with experimental results for mesoporous silica of MCM-41 and
SBA-15, in which the BJH method underestimates 20%−30% of
PSDs in pores smaller than 10 nm.236 Ojeda et al.237 compared
the PSD of SBA-15 between the BJH−Broekhoff and de Boer
(BdB) model and NLDFT. The BdB model is proposed to
modify the Kelvin equation by accounting for the attractive
potential arising from the pore surface. They found a reasonable
agreement between NLDFT and the BJH−BdB model and
stated the importance of considering fluid−surface interaction
for porous media with pores smaller than 10 nm. Xiong et al.32

reported differently shaped PSDs from the BJH model and
NLDFT for shale rocks in the Wufeng Formation, while
NLDFT can provide information about micropores and renders
a wider range of PSD. They reported a multimodal PSD from
NLDFT with peaks in 1.4, 3.8, and 10−30 nm, while a unimodal
PSD is observed from the BJH method with peaks at 60−100
nm.

3.2.3. Density Functional Theory (DFT). Due to the accurate
description of an inhomogeneous density profile and fluid−
surface interaction, NLDFT can be a useful tool to obtain amore

Figure 9. Schematic representations of (a) BJHmodel and (b) top view
of BJH model and liquid−vapor interface in (c) evaporation and (d)
condensation processes.
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accurate PSD. Within the framework of DFT, the grand
potential Ω is related to the Helmholtz free energy and external
potential, while Ω is minimized at an equilibrium for an open
system, which is given as30

∫ρ ρ ρ μΩ [ ] = [ ] − [ − ]F d Ur r r r r( ) ( ) ( ) ( )f f f f f ext (5)

where ρf(r) is the fluid density distribution at position r, μf is the
bulk fluid chemical potential, F[ρf(r)] is the Helmholtz free
energy functional, and Uext(r) is the external potential which is
used to describe the fluid−surface interaction. The subscript “f”
refers to fluids. We note that in eq 5, the surface is treated as an
external field which is not affected by fluid distributions. The
F[ρf(r)] can be separated into the ideal term Fid[ρf(r)] and the
excess term Fex[ρf(r)]

ρ ρ ρ[ ] = [ ] + [ ]F F Fr r r( ) ( ) ( )f id f ex f (6)

where Fid[ρf(r)] = kBT∫ drρf(r)[ln(Λf
3ρf(r)) − 1],and kB is the

Boltzmann constant, T is the absolute temperature, andΛf is the
de Broglie thermal wavelength of fluid component.
At equilibrium, the grand potential functional reaches the

minimum, and fluid density distributions are given as

ρ
βδ ρ

δρ
βμ β= Λ −

[ ]
+ −−

i

k
jjjjj

y

{
zzzzz

F
Ur

r

r
r( ) exp

( )

( )
( )f f

3 ex f

f
f ext

(7)

where δ represents the functional derivative, and β =
k T

1

B
. The

bulk fluid chemical potential is given as

μ μ μ= +f f
id

f
ex

(8)

where μf
id = kBTln(Λf

3ρf,b) and μf
ex are ideal and excess term of

chemical potential, respectively, and ρf,b denotes the fluid bulk
density. Combining eqs 7 and 8, the density distributions could
be further simplified as

ρ ρ
βδ ρ

δρ
βμ β= −

[ ]
+ −

i
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jjjjj

y

{
zzzzz

F
Ur

r

r
r( ) exp

( )

( )
( )f f,b

ex f

f
f
ex

ext
(9)

Equation 9 can be solved by the Picard iteration.169 Then, the
average fluid density in a given pore i at pressure P, ρave, is given
as

∫ρ ρ=P V
V

dr r( , )
1

( )i
i Vave f

i (10)

where Vi is the volume of pore i. DFT can also capture the
hysteresis in the adsorption/desorption isotherms.238 Raviko-
vitch et al.238 claimed that the metastable condensation and the
equilibrium transition branches in DFT correspond to
adsorption (capillary condensation) and desorption (evapo-
ration) in cylindrical micropores and mesopores in MCM-41 as
depicted in Figure 10. Then, the total gas amount in the porous
media Ntotal(P) is given as

∑ ρ= ×N P P V V( ) ( , )
i

i itotal ave
(11)

PSD is obtained by fitting Ntotal(P) from DFT to the
experimentally measured adsorption/desorption isotherms.
Therefore, the accurate approximation of the excess

Helmholtz free energy shown in eq 9 is crucial. Within the
framework of NLDFT for PSD characterization, N2 and CO2
molecules are usually treated as a single-site Lennard-Jones (LJ)
model.238−242 Then, the excess Helmholtz free energy can be
further expressed as

ρ ρ ρ[ ] = [ ] + [ ]F F Fr r r( ) ( ) ( )ex f ex
rep

f ex
att

f (12)

where Fex
rep[ρf(r)] and Fex

att[ρf(r)] are the excess Helmholtz free
energy of a hard-sphere term and attraction term, respectively.
For the hard-sphere term Fex

rep[ρf(r)], the fundamental
measure theory241,243−245 (FMT) is one of the most popular
methods, while the modified FMT246,247 (MFMT), smoothed
density approximation238−241 (SDA), and weighted density
approximation169,248,249 (WDA) are also widely used. In Table
2, we present the detailed information on Fex

rep[ρf(r)] used in the
literatures. Ravikovitch and Neimark238,250 used SDA in the
Fex
rep[ρf(r)] term to calculate PSD in siliceous mesoporous

materials

∫ρ
ρ
ρ

ρ[ ] =
̅

̅F d fr r
r

r
r( )

( )

( )
( ( ))ex

rep
f

f

f
ex
rep

f
(13)

where fex
rep(ρ̅f(r)) is the excess free energy density, and ρ̅f(r) =

∫ dr′ρf(r′)ω(|r − r′|; ρf(r′)), with ω(|r − r′|; ρf(r′)) the
weighted function.
FMT is also a popular choice to describe the Fex

rep[ρf(r)] term
in NLDFT,242 which is given as

Figure 10. Comparisons of N2 adsorption/desorption isotherms in MCM-41 from experimental measurements and NLDFT. Symbols are
experimental measurements (closed symbols, adsorption; open symbols, desorption): (a) squares represent 4.6 nm cylindrical pores and (b) circles
and triangles represent 4.32 and 4.47 nm cylindrical pores, respectively. Thick solid lines are NLDFT isotherms. Thin solid lines are grand potential
from NLDFT. Right axis is for the grand potential. Reproduced from Ravikovitch et al.238 with permission. Copyright (1995) American Chemical
Society.
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∫ρ[ ] = ′Φ[ ]αF k T d nr r r( ) ( )ex
rep

f B (14)

where Φ[nα(r)] is the excess hard-sphere free energy density,
which is a functional of weighted densities nα(r), given as

π

Φ[ ] = − +
− ·

−

+
− ·

−
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3
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3
2

(15)

where n0, n1, n2, n3, nV1, and nV2 are weighted densities (details
can be found in Ravikovitch et al.242).
For the attractive term Fex

att[ρf(r)], the mean-field approx-
imation (MFA) has been widely used in PSD characterization

∬ρ ρ ρ[ ] = ′ ′ − ′F d d ur r r r r r r( )
1
2

( ) ( ) ( )ex
att

f f f att
ff

(16)

where uatt
ff is the fluid−fluid interaction potential, which is given

as theWeeks−Chandler−Andersen (WCA) scheme251 of the LJ
potential

ε σ
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, 2

( ), 2
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ff ff

1/6
ff

ff 1/6
ff (17)

where εff and σff are the LJ energy and size parameters,
respectively. For PSD characterization, the LJ 12-6 interaction
potential is usually applied for uff(|r− r′|) as in eq 17. It is worth
noting that various LJ parameters are available for N2 andCO2 as
shown in Table 3. Therefore, specifying the LJ parameters used
in the MFA is essential for accurate PSD characterization by
using NLDFT.
The external fluid−solid potential Uext(r) is another key

parameter for PSD characterization. Various models are
available depending on the surface type and geometry. As
shown in Figure 11, slit pores consisting of three-layer graphene
sheets have been widely used to represent carbonaceous

materials, such as activated carbon. In Ravikovitch et al.,242

the Steel 10-4-3 potential is used to model the fluid−surface
potential in carbon slit pores, in which the potential only varies
in the z-direction perpendicular to the pore surface
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where ρs = 0.114 Å−3 is the carbon number density of in
graphene, Δ = 3.35 Å is the interlayer spacing, and ε ε ε= f sfs

and σfs = (σf + σs)/2 are the energy and size parameters of the
fluid−surface interaction, respectively. The energy and size
parameters of graphite surface are given as σs = 0.3345 nm and
εs/kB = 28 K, respectively. Then, the external potentialUext(z) is
given as

= + −U z U z U H z( ) ( ) ( )ext fs fs (19)

where H is the slit pore width.
However, in silica-based porous media (such as MCM-41)

with a cylindrical pore geometry, the external potential is
described by the LJ 10-4 potential242
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where r is the radial coordinate of fluid from the pore center, R
the radial coordinate of the pore center, and F[α, β; γ;δ] the
hypergeometric series. The surface density ρs is given as 0.153
Å−2 for silica surface. The energy and size parameters of the
fluid−surface interaction in eq 20 are ε ε ε=fs f s and σfs = (σf +
σs)/2 with σs = 0.2765 nm and εs/kB = 229.722 K for silica.
Generally, PSD can be automatically fitted from experimen-

tally measured adsorption/desorption isotherms by using
commercial software such as Autosorb-1253 and Micromeritics
ASAP-2460.206 However, as discussed above, the accurate
excess Helmholtz free energy (arising from fluid−fluid
interaction) and external potential (arising from fluid−surface
interaction) terms are essential. There are several different
approximations available for each excess Helmholtz free energy
term, and the expression for the external potential is also

Table 3. Lennard-Jones Parameters for N2 and CO2 in NLDFT, QSDFT, and MC Simulationsa

No. Authors Samples Applied methods Fex
att Models σff (nm) εff/kB (K)

1 Ravikovitch et al.242 N2 NLDFT WCA Single-site LJ 12-6 0.3575 94.45
2 Gor et al.258 N2 QSDFT WCA Single-site LJ 12-6 0.3549 95.77
3 Ravikovitch et al.240 N2 MC N/A Single-site LJ 12-6 0.3615 101.5
4 Tian and Wu212 N2 MC N/A Single-site LJ 0.3572 93.98
5 Maddox et al.264 N2 MC N/A Single-site LJ 12-6 0.375 95.2
6 Sweatman and Quirke265 N2 MC N/A Multisite LJ 0.333 34.4
7 Do and Do266 N2 MC N/A Multisite LJ 12-6 0.332 36.4
8 Potoff and Siepmann267 N2 MC N/A Multisite LJ 12-6 0.331 36
9 Ravikovitch et al.242 CO2 NLDFT WCA Single-site LJ 12-6 0.3454 235.9
10 Sweatman and Quirke265 CO2 MC N/A Multisite LJ C: 0.275 C: 28.3

O: 0.3015 O: 81.0
aNote that the literatures not specifying LJ interaction potential types did not disclose the details.

Figure 11. Schematic representation of carbon-slit pore. Reproduced
from Lucena et al.252 with permission. Copyright (2010) Elsevier.
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dependent on the geometry and rock type. Ravikovitch and
Neimark250 used NLDFT to calculate PSD in siliceous
mesoporous material SBA-15, which consists of a series of
cylindrical pores. The calculated PSD is found to be in a good
agreement with geometrical considerations and XRD data.
However, unlike SBA-15 with a well-defined pore geometry
consisting of a uniform material, the rock heterogeneity and
different pore geometries in shale media are evident as we
discussed in Section 2. The kernel of NLDFT is built upon the
types of adsorbate, adsorbent, and pore shape as well as various
approximations and assumptions, while the pore surface is
generally assumed as a smooth one consisting of a single-type
material with a predetermined shape. Wang and Ju58 tested the
PSD of shale samples obtained from NLDFT in which both
carbon and silica are considered as adsorbents. They also
considered various pore shapes including slit, cylinder, and
sphere. They found drastically different PSDs by using various
kernels.
In addition, the quenched solid density functional theory

(QSDFT) is another popular choice for PSD analysis, in which
the pore surface is integrated as one of the components. In
QSDFT, the grand potential of both fluid and solid Ωfs[ρf(r),
ρs(r)] are considered

238,241
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where ρs(r) is the density profile of solid components, Fid[ρs(r)]
the ideal term of hard-sphere free energy of solid components,
Fex[ρf(r), ρs(r)] the excess hard-sphere repulsive term for both
fluid and solid components, uatt

ss (|r − r′|) and uatt
fs (|r − r′|) the

attractive parts of solid−solid and solid−fluid potentials,
respectively, and μs the solid chemical potential.
At equilibrium, the grand potential of both fluid and solid,

Ωfs[ρf(r), ρs(r)], reaches minimum. Usually, it is assumed that
solid component only affects Fex[ρf(r), ρs(r)] during grand
potential minimization. Then, the fluid distribution is given as
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QSDFT is a powerful tool to consider the geometrical
heterogeneity of pore walls, and roughness parameter is
implemented to describe surface corrugation.254 The applica-
tions of QSDFT in shale rock characterizations have also been
reported in previous works,58,254−256 but a systematic calibration
is limited.
Collectively, while NLDFT and QSDFT have been

considered as the golden standard for PSD characterization as
they can explicitly consider fluid−fluid and fluid−surface
interactions and have shown excellent agreement with

experimental measurements in terms of carbonaceous and
siliceous materials, attention and care should be paid when
applying them to characterize PSD in shale. Using different pore
geometries and types would provide largely different PSD
characterizations. The fluid−surface interaction parameters for
some minerals such as clay and carbonates have not been
developed yet, while their interactions with N2 and CO2 might
be different from those from siliceous materials. In addition, as
CO2 carries a quadruple moment, its interaction with some pore
surfaces such as clay with heteroatoms257 may not be simply
described by LJ-type interactions. Various pore geometries and
inherent rock heterogeneity in shale media also make using a
uniform pore geometry and a uniform pore type in NLDFT
unjustifiable for shale PSD characterization, which has been the
common practice. Even from the perspective of using NLDFT
and QSDFT to provide qualitative PSD quantifications in shale,
we would strongly urge the researchers to provide the details
about the used parameters and approximations, as they are
generally not provided. There are different versions of
parameters and approximations available for NLDFT and
QSDFT for PSD characterizations, while some variations in
these factors might result in drastically different PSDs.

4. METHANE STORAGE MECHANISMS IN SHALE
NANOPOROUS MEDIA

Methane storage (sorption) mechanisms in shale nanoporous
media can be separated into three different forms: free gas,
adsorbed gas, and absorbed gas.30 The free gas is a bulk-like gas
stored in fractures and macropores as well as in the middle of
some mesopores. Adsorbed gas refers to the gas molecules
physically adsorbed on the pore surface of organic and inorganic
matters. Thanks to the extensive amount of nanoscale pores in
shale media, the adsorbed gas which generally has a higher
density than the free gas99 can contribute up to 85% of total GIP
in shale. Therefore, the knowledge about methane adsorption
capacity in shale is imperative to both GIP estimation and well
productivity.122 The absorbed gas depicts the dissolved gas
within the kerogen matrix. While shale gas can contain other
heavier hydrocarbons such as ethane and propane,24 in this
section, we mainly focus on methane adsorption capacity as it is
the predominant constituent of shale gas.
There have been extensive experimental measurements on the

methane adsorption capacity in shale, and the effects of
pressure,87,268 temperature,269,270 moisture content,172,271 rock
compositions114,164 (e.g., organic and inorganic matters,
kerogen type, and maturity), and pore structures71,146 have
been explored. A more detailed review about methane
adsorption in shale and controlling factors can be referred to
Memon et al.,110 Rani et al.,272 and Wang et al.123 Methane
absorption in a kerogen matrix has gradually attracted attention
from scientists and engineers in recent years.156,164 It has been
reported that the absorbed gas in kerogen can contribute up to
22% to total GIP in Barnett shale samples.273 The sorption-
induced kerogen swelling behavior has also been reported.113

Chen et al.274 measured methane sorption-induced swelling on
shale samples from the Lower Cambrian Niutitang Formation
and found that the volumetric strain can be up to 0.1% at 10MPa
and 298 K. Huang et al.275 measured the swelling behavior of
Kimmeridge kerogen in various hydrocarbons including normal-
alkanes, naphthenes and aromatics. They found that kerogens in
the normal-alkanes and aromatics have a higher swelling ratio
than those in naphthenes due to the flexible structure of carbon
chains and π−π interactions with kerogen, respectively.
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Molecular simulations such as MD and GCMC have been
applied to study kerogen swelling behavior due to methane
sorption.121,224,276,277 Huang et al.121,278 performed MD and
GCMC simulations on kerogen deformation induced by gas
sorption considering moisture content, kerogen type, maturity,
and competitive adsorption. They found that the volumetric
strain is influenced by both the pore shrinkage effect due to
mechanical compression and the sorption-induced swelling
effect121 as well as the coupling effect of moisture, resulting in
kerogen swelling magnitude in the order of Type IA > Type IIA
> Type IIIA.278 Ho et al.276 studied the CH4 and CO2 sorptions
in a flexible Type II-D kerogen matrix at 300 K and pressure up
to 192 atm by using a hybrid MC/MD simulation. The
simulation is performed under a zero effective stress condition.
They found that the kerogen volume expands up to 5.4% and
11% due to CH4 and CO2 sorption, respectively. Tesson and
Firoozabadi224 studied methane sorption in flexible and rigid
kerogen (Type II-A) slit pores using a hybrid MD-MC
simulation at 333.15 K and pressure up to 400 atm. They
found that the dynamic system is affected by both gas adsorption
and matrix deformation. The methane-accessible surface area in
flexible kerogen increases with pressure, while it is higher than
that in a rigid system. Moreover, the sorption capacity in a
flexible system is 57% higher than that in a rigid system.
Currently, the vast majority of experimental measurements

are conducted to quantify methane adsorption capacity in shale
media, as adsorption is the predominant storage mechanism,279

while it is difficult to distinguish methane adsorption and
absorption via experimental measurements.273 However, the
directly measured adsorption capacity usually corresponds to
excess adsorption, while the absolute adsorption which
represents the adsorbed gas capacity108,279 needs to be
converted from the excess adsorption. Different methods such
as Langmuir,125,280 supercritical Dubinnin−Radushkevich
(SDR),98,99 supercritical BET,102,103 simplified local-density
(SLD)104 ,105 , and molecular simulations such as
GCMC115,116,281 and MD282,283 have been applied to describe
the absolute adsorption. In Section 5, we explicitly discuss the
current state-of-the-art methane adsorption measurements in
shale from amacroscopic perspective and the understanding from
molecular simulations from a microscopic perspective as well as
various excess-adsorption-to-absolute-adsorption conversion
methods.

5. METHANE EXCESS ADSORPTION AND ABSOLUTE
ADSORPTION: MEASUREMENT, SIMULATION, AND
CONVERSION

In this section, we first discuss experimental measurements on
methane adsorption in shale nanoporous media which is the
excess adsorption from a macroscopic perspective. Then, we
illustrate methane adsorption behaviors in shale nanoporous
media from a microscopic perspective according to molecular
simulations which can explicitly consider fluid−fluid and fluid−
surface interactions. We note that our brief review about
experimental measurements and molecular simulations intends
to provide basic backgrounds about the conversion of
experimentally measured excess adsorption to the absolute
adsorption. More details about these two parts can be referred to
other review works.284−286 Thereafter, we discuss various
excess-adsorption-to-absolute-adsorption conversion methods.
We conclude this section by briefly summarizing some key issues
in these conversion methods and remaining challenges.

5.1. ExperimentalMeasurements onMethane (Excess)
Adsorption in Shale. Before moving onto the adsorption
measurements, it is necessary to discuss the concepts of two
different adsorption quantities: excess adsorption and absolute
adsorption. As shown in Figure 12, the excess adsorption (mex)
represents the difference between the total number of gas
molecules in the system (mtot) and the number of molecules that
would occupy the accessible pore space under a free gas
condition at the given temperature and pressure.286 The
absolute adsorption (mabs) which includes all the adsorbate
molecules in the characterized adsorbed phase represents the
adsorbed gas capacity. Assuming the generally used methane
monolayer adsorption model279 as shown in Figure 13, mex is
related to mabs by

ρ ρ= − = −m m V m Vtex tot void b abs a b (23)

or

ρ
ρ

= −
i

k
jjjjj

y

{
zzzzzm m 1ex abs

b

a (24)

where Vvoid, Va, ρa, and ρb represent the void (pore) volume,
adsorbed phase volume, adsorbed phase density, and adsorbate
bulk density, respectively. In general, ρa is higher than ρb.

279 At
low pressures, the difference between mex and mabs is negligible
due to the small ρb.

125,286 However, under the in situ conditions
(high pressure and high temperature), the differences between
mex and mabs become significant as ρb becomes no longer
negligible (as shown in eq 23) and comparable to ρa (as shown
in eq 24).87,280 While mex and ρb can be obtained from

Figure 12. Schematic representation of excess and absolute adsorption. GDS is Gibbs dividing surface; mb, mex, and mabs are free gas amount, excess
adsorption, and absolute adsorption, respectively. The green circles represent the adsorbate molecules, and the red dashed outlines represent mex.
Reproduced from Xiong et al.108 with permission. Copyright (2020) Elsevier.
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experimental measurements and EOS modeling, respectively,
neither ρa or Va is directly available.
Two popular experimental measurements have been widely

conducted to quantifymex in shale samples: volumetric164,269,287

and gravimetric78,112,288 methods. The gravimetric method is
used to measure the adsorption amount according to the
difference between buoyancy and gravity of the sample mass by
microbalance.99 The gravimetric method has the advantage of
being highly accurate, while the sample size should be small.164

In addition, it is generally conducted at moderate pressures.286

The volumetric method is more accurate at low pressure
conditions.286 Moreover, the volumetric method is favorable in
the oil/gas industry because large samples can be used in the
measurements which can take into account the reservoir rock
heterogeneity.99

A schematic representation of the gravimetric measurement
setup113 is shown in Figure 14, while the details can be referred

to Zhao et al.113 The gravity force (FA) and buoyancy force (FB)
can be given as

ρ

= + +

= + +

l
m
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n
ooo

F m m m g

F V V V g

( )

( )

A
SC S A

B
SCC S A

b (25)

where mSC, mS, and mA are the weight of the empty sample
container, weight of the loaded sample, and weight of the
absolute adsorption, respectively;VSC,VS, andVA are the volume
of the empty sample container, volume of the sample, and
volume of the adsorbed phase, respectively; ρb and g are bulk
adsorbate density and gravity acceleration, respectively. The mS

and VS can be determined by helium gas at 333 K and elevated
pressures up to 100 bar.87,113 Therefore, the balance reading
(Δm) is given as

ρ

Δ = −

= + + − + +

m F F g

m m m V V V

( )/

( )
A B
SC S A SC S A

b (26)

and the mass of absolute adsorption can be calculated as

ρ= Δ − − + + +m m m m V V V( )A SC S SC S A
b (27)

Since VA cannot be directly measured from experiments,80 by
applying the correlation based on eq 23, mex is given as

ρ ρ= − = Δ − − + +m m V m m m V V( )ex
A A

b
SC S SCC S

b
(28)

On the other hand, the volumetric method is based on Boyle’s
volumetric gas expansion law. The system consists of the
reference cell and sample cell connected by a valve, and a
temperature bath is used to control the temperature of system, as
shown in Figure 15.164 The reference cell has a known volume of

VR and stores adsorbate, which is pressurized and heated to the
target condition. The sample cell with known volume of VS
contains the adsorbent. During the volumetric experiment
process, the connected valve is opened once the sample cell is
pressurized, and the gas is expanded to the sample cell. Once the
pressure becomes equilibrated, the isothermal adsorption
reaches equilibrium, and then, the adsorption amount can be
obtained.
During the volumetric measurement, a given amount of

adsorbate is loaded into the reference cell of known volume (VR)
at given pressure P. The total amount of fluid in the reference cell
mR is given as

=m
PV
ZRTR

R
(29)

where Z, R, and T are the compressibility factor, universal gas
constant, and temperature, respectively. The void volume in the
sample cell is measured by the helium expansion method, based
on the assumption that helium is a nonadsorbing gas.289

Therefore, the void volume in sample cellVS_void can be obtained
by

Figure 13. Schematic representation of methane monolayer adsorption
model in a 4 nm slit pore, where Va is the adsorbed phase volume, SA is
the surface area andWa is the adsorption layer width. Reproduced from
Pang and Jin279 with permission. Copyright (2019) Elsevier.

Figure 14. Schematic representation of gravimetric method. Repro-
duced from Zhao et al.113 with permission. Copyright (2018) Elsevier.

Figure 15. Schematic representation of volumetric method. Repro-
duced from Heller and Zoback164 with permission. Copyright (2014)
Elsevier.
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where Z′, P′, and T′ are the compressibility factor, pressure, and
temperature after opening the valve via the subsequent pressure
drop process, respectively.164 The compressibility factors of the
pure gases can be obtained from the equations of state.290,291

When the system reaches equilibrium,mex can be obtained from
mR and the amount of free gas that can occupy in the reference
cell and void volume of sample cell
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Do et al.292 emphasized the importance of determining VS_void
accurately and stated that the helium adsorption-based VS_void
generally overestimates the true pore volume as helium
adsorption likely occurs in ultrafine pores. At high pressures,
the overestimation of VS_void can lead to an even negative mex
value.293 Ross and Bustin294 reported the phenomenon of
negative methane mex in Jurassic and Devonian shales. They
argued that it is because while the smaller-sized helium
molecules can penetrate into small pores, methane molecules
are not accessible to these pores. In addition, the accuracy of
measured results needs to be further analyzed by considering the
uncertainties arising from experimental design and setup. The
errors in pressure determination can arise from either the
pressure measurements, which influence the mass balance
calculation, or from the gas leakage.285 Belmabkhout et al.285

found that an absolute error of 8 kPa can lead to a relative error
between 8.4% and 42.7% in adsorption capacity in activated
carbons at 303 K. Thus, they recommended to adopt a pressure
transducer to minimize the relative error. For gas leakage, a safe
leakage rate under 4.5 × 10−4 mol/h is suggested for the low
adsorbate system (mass uptake under 0.1 g/g) to reduce the
relative error. A detailed review about experimental uncertain-
ties can be referred to Mohanmmad et al.295 and Sircar et al.296

In summary, both gravimetric and volumetric methods
measure gas adsorption in shale nanoporous media from a
macroscopic perspective, providing mex. However, as discussed
above, the working mechanisms for these two approaches are

different. In addition, whole shale samples containing both
organic and inorganic matters have been widely used to measure
adsorption capacity.172,181,297,298 While there have been
experimental works separating various constituents in shale
samples to measure gas adsorption in each of them,150,259 a
precise control of PSD cannot be achieved. As methane
adsorption in shale nanoporous media strongly depends on
rock type24 and PSD,116 it is imperative to combine the
macroscopic experimental measurements with the microscopic
molecular modeling and simulation approaches which can
explicitly consider fluid−fluid and fluid−surface interactions.

5.2. Molecular Simulations on Methane Adsorption
Behaviors in Shale.Molecular modeling and simulations have
gained much attention in the past decade in the studies of
methane adsorption in shale nanoporous media, as they can
explore the length scale which is not accessible to experimental
measurements. In micropores and mesopores, as methane
molecular size is comparable to the pore size, fluid−surface
interactions play an important role, and fluid distributions are
inhomogeneous.116 Molecular simulations can explicitly con-
sider intermolecular interactions to account for the rock type24

and pore size,116 making it a powerful tool in this endeavor.
GCMC and MD simulations have been widely applied to

study fluid adsorption120,299,300 and flow301−303 in shale
nanoporous media. The pore size effect on methane adsorption
has been studied by a number of works.114,116,304,305 Mosher et
al.116 carried out GCMC simulations on methane adsorption in
carbon slit pores at various temperatures and pressures up to 200
bar. As shown in Figure 16, methane density distributions in
micropores and mesopores are inhomogeneous and render
drastically different adsorption behaviors. In micropores,
methane has prominent layering structures due to the overlap
of fluid−surface interactions; in mesopores, it has a strong first
adsorption layer and a weak second adsorption layer, while its
density in the middle of the pores regresses to the bulk density.
Tian et al.99 argued that the second adsorption layer should be
treated as the transition zone which has a higher density than the
free gas density for the conversion of mex to mabs, as shown in
Figure 17. As methane adsorption behaviors are strongly
dependent on pore size, Pang et al.88,100,122 claimed that it is

Figure 16.Methane density distributions in carbon slit pores of pore widths (a) from 0.4 to 2 nm and (b) from 2 to 9 nm at 10 and 120 bar as well as
298 K. Reproduced from Mosher et al.116 with permission. Copyright (2013) Elsevier.
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imperative to consider PSD for methanemabs characterization in
kerogen nanoporous media. On the other hand, it has been
reported that whilemex per unit surface area is dependent on the
pore width in micropores, it becomes insensitive to pore width
in mesopores.100,304

Rock compositions,114 moisture,28,306 and surface roughness
and chemistry50,305 can also play important roles in methane
adsorption in nanoporous media. Xiong et al.114 performed
GCMC simulations to study methane adsorption in carbon, clay
(e.g., illite and montmorillonite), and quartz slit pores. The
adsorption capacity decreases in the order of organic > clay >
quartz. In general, methane adsorption capacity in shale is
positively correlated with TOC,23 while it has been shown that
clay content contributes to the total adsorption in organic-rich as
well as clay-rich shales.23,29 In addition, a number of works have
been reported on the effect of rock composition on pore
structures.160,178 On one hand, as shown in Figure 18(a) and
(b), micropore volume and SSA have positive correlations with

TOC in organic-rich shale, indicating that microporosity is
mainly developed in organic matter, while the clay minerals
contribute to mesopore volume.160 However, in some transla-
tional shale samples, as shown in Figure 19, the micropores are

mainly developed in inorganic matter, especially in clay
minerals.150 In addition, as depicted in Figure 20, the presence
of clay minerals can contribute to micropore and mesopore SSA
in various shale samples. The predicted maximum adsorption
capacities from the Langmuir model in shale samples are related
to TOC and clay contents as shown in Figure 21(a). In addition,
the relationship of the mesopore surface area from N2
adsorption and micropore volume from CO2 adsorption show
a positive relationship with predicted capacity as shown in
Figure 21(b). We note that while the maximum adsorption
capacities obtained from the Langmuir model may not provide
the actual maximum loadings, they can qualitatively show the
potential of gas adsorption in porous media. On the other hand,

Figure 17. Schematic representation of transition zone in 4 nm illite slit
pore frommethane density profile at 333.15 K and 10MPa. The heights
of characterized phases are calculated from the integration of density
profiles. Reproduced from Tian et al.99 with permission. Copyright
(2017) Nature.

Figure 18. Relationship of micropore and mesopore structure with TOC for various formations. (a) Relationship of micropore pore volume with
TOC. (b) Relationship of micropore SSA with TOC. Reproduced from Wu et al.71 with permission. Copyright (2020) American Chemical Society.

Figure 19. PSD in micropore range in translational shale and isolated
kerogen samples from Ordos Basin. Reproduced from Xiong et al.150

with permission. Copyright (2017) Elsevier.
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methane adsorption capacities in organic and inorganic matters
vary as reported in a number of experimental works. In Table 4,
we summarize the measured methane excess adsorption
amounts in isolated kerogen and pure clay minerals (including
organic-matter-free clay-mineral-dominated rocks). It is shown
that the gas adsorption capacity in organic matter is generally
larger than that in inorganic matter.29,70,307 In addition,
molecular simulations show that the methane maximum excess
adsorptions in carbon micropores and mesopores at 333.15 K
are within the range of 0.0036−0.006 mmol/m2,100 while those
in illite are within the range of 0.0017−0.0024 mmol/m2.99

Similar observations have been reported as listed in Table 5.
Collectively, both rock type and pore size play important roles in
estimating methane adsorption capacity in shale.
In addition, Jin and Firoozabadi reported that the presence of

water in clay nanopores can greatly reduce methane adsorption
by occupying the adsorption sites.306 Other simulation works
reported that the decrease in gas adsorption capacity is mainly
due to the preferential adsorption of water on oxygen-containing
groups in kerogen.119,320−322 The reduction in gas adsorption
capacity increases as water content increases.322 In addition,
such reduction is significant in low-maturity kerogens, which
contain more hydrophilic functional groups promoting the
formation of water clusters to block the small pores.119,323 There
have been a number of GCMC simulation studies on methane
adsorption in kerogen nanopores with rough surfa-
ces.28,120,121,224,278,324,325 Tesson and Firoozabadi reported
that the strong methane first adsorption layer might disappear
on kerogen surface with a high degree of roughness.224 Water
can form hydrogen bonding with kerogen surface functional
groups to reduce methane adsorption sites,28 while kerogen
deformation due to methane adsorption has also been taken into
account by molecular simulations.121 Other factors which can
affect methane adsorption in shale nanoporous media including
pore shape and structure118,326,327 as well as kerogen type and
maturity321,324,328 have been investigated, while the detailed
discussions about the applications of molecular simulations in
shale gas studies can also be referred to other review
papers.123,329

While molecular simulations can provide important insights
into methane adsorption in shale nanoporous media from
atomistic and molecular scales, their accuracy is highly
dependent on the molecular models and force fields applied to
represent fluid−fluid and fluid−surface interactions. Thanks to
the development of highly accurate force fields for methane,330

structural and thermodynamic properties of methane can be well
predicted by molecular simulations. However, the current state-
of-the-art models and force fields for rock surfaces (such as
kerogen, clay, quartz, and carbonates) are either based on
simplified surface models (e.g., graphite surface to represent
kerogen279) or have not been directly tested against
experimental measurements in terms of methane adsorption
on a consistent basis. Unlike nanoporous media with well-
characterized pore structures and dimensions such as SBA-15331

andMCM-41,264 shale is subject to rock heterogeneity and pore
size heterogeneity. It is difficult to conduct experimental
measurements on methane adsorption in precisely controlled
(PSD and rock type) shale nanoporous media to provide
benchmark data for molecular simulations to tune the force
fields. Therefore, in the future, it is imperative to have more
synergy between experimental measurements and molecular
simulations to further advance our understanding toward
methane adsorption in shale nanoporous media.

5.3. Excess-Adsorption-to-Absolute-Adsorption Con-
version Methods. As both gravimetric and volumetric
methods can only measure mex, one needs to convert the
measured mex to mabs. The excess adsorption amounts vary in
different shale samples due to different pore structures and
properties, but in general, mex first increases with pressure then
decreases,87 as shown in Figure 22. As pressure increases, bulk
gas density increases, while the increment in adsorbed gas
density is less significant than that in the bulk phase at high
pressures.279 On the other hand, mabs monotonically increases
with pressures.88

It should be noted that in eqs 23 and 24, neither Va nor ρa can
be directly measured from experiments.125,164,279 One needs to
make certain assumptions to convert the experimentally
measured mex to mabs. In terms of the conversion methods

Figure 20. Relationship of clay content with (a) micropore SSA and (b) mesopore SSA in various shale samples: Longmaxi (data from Zhu et al.308),
Nenjiang (data from Zhang et al.309), Buckinghorse (data from Chalmers and Bustin175), Wufeng (data from Xiong et al.32), Qiannan (data from Tian
et al.310), Bakken (data from Yuan et al.160), Carynginia (data from Yuan et al.160), and Goldwyer (data from Yuan et al.160).
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using Va and eq 23, Rexer et al.96 used the CO2 adsorption
volume which is measured at 195 K and 1 bar as Va. Zhang et
al.93 calculated Va from the derivative of mex with respect to ρb,
assuming that the adsorbed phase saturates and mabs becomes
constant at high pressures. However, molecular simulations have
shown that mabs monotonically increases with pressure.99,279

Another method to account for Va is to relate the surface area
and the width of adsorption layer.88,99,108 In such a method, the
adsorbed layer width is fixed as 0.38 nm, which is the LJ diameter
of methane molecule.332 Tian et al.99 compared such a direct
conversion method with molecular simulation and found that
the application of using Va with eq 23 performs better than that
using ρa with eq 24. As for the conversion method using eq 24,

several methods are applied to approximate ρa: (a) the constant
density (424 kg/m3) of liquid methane at its boiling point (112
K and 1 bar),87,94 (b) the constant density (373 kg/m3) from the
van derWaals constant b of saturatedmethane at its critical point
(190.56 K and 45.8 bar),95,164 (c) the slopemethod which uses a
linear regression ofmex with respect to ρb, with the intercept of x-
axis representing the maximum ρa,

87,333−335 and (d) the
pressure-dependent adsorbed phase density from molecular
simulation results.102,112,113 Do and Do336 stated that the
density of supercritical fluid in the adsorbed phase can be close
to, but would not exceed, its liquid density at higher pressures by
studying adsorbates such as krypton, argon, nitrogen, and
methane on carbonaceous solids. Wu et al.112 applied the liquid

Figure 21. (a) Relationship of predicted maximum adsorption capacities obtained from the Langmuir model with TOC and clay contents in various
shale samples: Alum (data from Gasparik et al.72), Posidonia shale (data from Gasparik et al.72), Carboniferous shale (data from Gasparik et al.72),
Barnett shale (data from Gasparik et al.72), Eagle Ford (data from Gasparik et al.72), Haynesville (data from Gasparik et al.72), Triassic Yanchang
Formation (data from Huang et al.311), Ordos Basin (data from Ji et al.312), and Longmaxi Formation (data from Ji et al.313). (b) Relationship of
predicted maximum adsorption capacities obtained from the Langmuir model with mesopore surface area and micropore volume from N2 and CO2
adsorption, respectively, in various shale samples: Niutitang (data from Feng et al.314), Shuijingtuo, Jiumengchong, and Niutitang (data from Gai et
al.315), Yanchang (data from Cao et al.316), Longmaxi and Niutitang (data from Wang et al.181), and Muskawa and Besa River (data from Ross and
Bustin23).
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density to directly convert experimental measured mex to mabs
and observed an obvious declining trend of mabs versus pressure

at high pressures for methane adsorption in shale samples from
the Vaca Muerta Formation, while the absolute adsorption

Table 4. Measured Excess Adsorption Amount in Isolated Kerogen and Pure Minerals (Including Organic-Matter-Free Clay-
Mineral-Dominated Rocks)

Sample
Temperature

(K)
Pressure

range (bar)

Maximum excess
adsorption amounta

(mmol/g)

Corresponding
pressure at maxima

(bar)

Specific
surface areab

(m2/g)

Maximum excess
adsorption amountc

(mmol/m2) Source

Lower Toarcian Posidonia
isolated kerogen (Type II)

338.15 1.8−41.9 0.76 141.9 68.1 0.01116 Rexer et
al.96

Lower Silurian Longmaxi
Formation isolated
kerogen

333 10−200 1.83 80 284.6 0.00643 Xiong et
al.114

Vaca Muerta Formation
isolated kerogen

333 0−150 0.51 100 29.7 0.01717 Wu et
al.112

Barnett shale isolated
kerogen (Type II)

338 1−130.9 1 130.9 − − Hu157

Upper Ordovician isolated
kerogen (Type I)

333 0−600 0.492 120 − − Li et
al.317

Kimmeridge kerogen 338.15 0−35 0.25 35 6.6 0.03788 Zhao et
al.288

Green River Formation
shale isolated kerogen
(Type I)

338.55 6.1−142.6 0.489 142.6 − − Zhang et
al.70

Woodford shale isolated
kerogen (Type II)

338.55 7.9−140.6 0.667 140.6 − − Zhang et
al.70

Illite 338.55 5.2−125.9 0.045 96.9 7.1 0.00634 Ji et al.29

Kaolinite 338.55 6.4−112 0.063 112 15.3 0.00412 Ji et al.29

Chlorite 338.55 6−115.1 0.056 115.1 11.7 0.00479 Ji et al.29

Illite−semectite 338.55 2.2−98.8 0.111 98.8 30.8 0.00360 Ji et al.29

Montmorillonite 338.55 5.8−108.3 0.263 108.3 76.4 0.00344 Ji et al.29

Illite 333 0−200 0.128 200 − − Fan et
al.318

Illite−semectite 333 0−200 0.11 150 − − Fan et
al.318

Montmorillonite 333 0−200 0.138 150 − − Fan et
al.318

Chlorite 333 0−200 0.034 150 − − Fan et
al.318

Kaolinite 333 0−200 0.11 150 − − Fan et
al.318

Illite 333 3.5−180 0.084 180 11.2 0.00750 Liu et
al.319

Kaolinite 333 0−180 0.137 180 15.7 0.00873 Liu et
al.319

Montmorillonite 333 10−180 0.21 180 56.5 0.00372 Liu et
al.319

aCollected maximum excess adsorption data from experimental measurements. bSSA is measured based on N2 BET data. cAdsorption amount per
surface area (mmol/m2) = adsorption amount per unit weight (mmol/g)/SSA (m2/g).

Table 5. Simulated Excess and Absolute Adsorption Amount in Different Types of Pores from Molecular Simulations

Adsorbent
Temperature

(K)
Adsorption

type
Pressure

range (bar)
Range of maximum adsorption

amount (mmol/m2)
Pressure range of maximum
adsorption amount (bar) Source

Carbon slit pore
(0.7−10 nm)

333.15 Excess
adsorption

50−500 0.0036− 0.006 50−150 Pang and
Jin100

Absolute
adsorption

50−500 0.0044−0.0082 500

Illite slit pore (1−8 nm) 333.15 Excess
adsorption

0−500 0.0019−0.0023 100−150 Tian et al.99

Illite slit pore 4 nm 333.15 Absolute
adsorption

0−500 0.0064 500

Kerogen slit pore
(2 and 4 nm)

338.15 Excess
adsorption

100−600 0.0052−0.0058 100 Zhou et
al.28

Montmorillonite slit
pore (2 nm)

333 Excess
adsorption

25−400 0.0037 180 Xiong et
al.114

Absolute
adsorption

25−400 0.00704 400

Carbon slit pore
(0.4−9 nm)

298 Excess
adsorption

0−180 0.00767−0.01536 29−132.7 Mosher et
al.116
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converted by applying the GCMC adsorbed phase density is
larger than that obtained by using liquid density. Yu et al.101 used
pressure-dependent density from correlations proposed by
Riewchotisakul and Akkutlu337 according to molecular dynam-
ics simulation at 353 K in 5 nm carbon nanotube. Pang et al.88

assessed the performance of using constant ρa for conversion
and found a similar behavior by using GCMC simulations to
study methane adsorption in kerogen nanoporous media.
Moreover, Zhou et al.87 reported that the regressed ρa from
the slope method ranges from 219 to 527 kg/m3, while they
attributed this behavior to the different pore structures of shale
rock samples. Clarkson and Haghshenas333 found that the
regressed ρa can be as high as 1050 kg/m3 for methane
adsorption in shale samples from the Rio Bonito Formation.
In addition, a large number of works used thermodynamic

models such as Langmuir, supercritical Dubinin−Radushkevich
(SDR), and supercritical-BET (SBET) to regress the exper-
imentally measured mex to predict mabs. In the following
subsections, we discuss these popular models.
5.3.1. Langmuir Model. The Langmuir model is one of the

most widely applied adsorption models in the shale industry to
describe methane adsorption behavior thanks to its simplic-
ity.101,108,294,338 The Langmuir model describes the kinetic
balance of gas adsorption and desorption on a flat energetically
homogeneous surface339 as shown in Figure 23.340

The assumptions used in the Langmuir model include: (a)
Monolayer adsorption forms on a flat energetically homoge-
neous surface. (b) The surface contains the adsorption sites with
equal adsorption energy. (c) Fluid−fluid interactions are not
considered between adjacent gas molecules341−343 (thus, an
ideal gas assumption). Here, we show the derivation of the
Langmuir model from the kinetic approach343 for simplicity,
while other approaches such as classical thermoodynamic213,344

and statistical mechanics343,345 can be found elsewhere. In the
Langmuir model, the reversible process of adsorption and
desorption can be described as

+ VA S Ag
k

k
a

d

a

(32)

where Ag, S, and Aa are free gas molecule, empty adsorption site,
and site occupied by the adsorbed molecule, respectively; ka and
ka represent rate constants in adsorption and desorption process,
respectively. The rate of adsorption (ra) and desorption (rd) can
be given as

θ

θ

=

=

l
m
oo
n
oo

r Pk

r k
a a 1

d d 1 (33)

where P and θ1 are pressure and coverage of adsorbate on the
solid surface, respectively. Within the framework of the
Langmuir model, the fraction of the surface covered by adsorbed
gas is calculated according to the adsorbed amount (mabs

LA) and
maximum adsorption capacity (mmax

LA ): θ1 =mabs
LA/mmax

LA . When the
system is at equilibrium, the rate of adsorption equals to that in
desorption (ra = rd). By defining the Langmuir equilibrium

Figure 22.Methane excess adsorption isotherms in different shale samples: Longmaxi (data from Zhou et al.87), Posidonia (data from Rexer et al.96),
Wufeng (data fromTian et al.95), Green River (data from Zhang et al.70), Woodford (data from Zhang et al.70), Barnett (data from Zhang et al.70), and
New Albany (data from Chareonsuppanimit et al.289).

Figure 23. Schematic representation of Langmuir monolayer
adsorption model. The green circles represent gas molecules. GDS is
the Gibbs dividing surface. θ0 and θ0 represent the coverage of the
surface site that is empty and occupied by adsorbate, respectively. The
interpretation of excess and absolute adsorptions can be referred to
Figure 12. Reproduced from Xiong et al.340 with permission. Copyright
(2020) Elsevier.
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constant KL = ka/kd and substituting θ1 into eq 33, the general
expression of the Langmuir model is given as

=
+

m m
K P

K P1abs
LA

max
LA L

L (34)

It should be noted that the Langmuir model describes the true
adsorption amount (absolute adsorption), while the excess
adsorption amount is given as
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where ρa and Va are adsorbed phase density and adsorbed phase
volume applied in Langmuir model, respectively. Unlike the
above-mentioned direct conversion methods, the Langmuir
model is used to regress the experimentally measured mex to
obtain mabs. There are generally two types of applications with
different assumptions used in current works:80,125 (a) constant
ρa (as in eq 35); (b) constant Va (as in eq 36).
In terms of the applications with constant ρa and eq 35, Va

increases with pressure, while ρa can be assumed as a
predetermined (fixed) value of 373 or 424 kg/m395,164 or one
of the regression parameters.87,94,108 Tian et al.95 applied a
constant density of 373 and 424 kg/m3 and freely fitted ρa in the
Langmuir model to interpret the experimentally measured
methane mex in Lower Silurian−Upper Ordovician shale
samples. These approaches show a similar regression quality in
terms of mex. They also found that the freely fitted ρa is
temperature dependent, while it can be higher than the liquid
methane density. Similarly, Gasparik et al.94 observed similar
regression performances for predetermined and freely fitted ρa in
almost all the studied samples. They stated that the high value of
freely fitted ρa (over 600 kg/m3) in Posidonia samples may be
due to the artifacts during regression. The ρa increases with
pressure from molecular simulations,99,112,279 indicating that
using a constant ρa may not be justifiable. Zhang et al.93 applied a
pressure-dependent ρa associated with the Langmuir model. The
maximum density in their expression is obtained from the
intercept of the x-axis of excess adsorption with respect to bulk
density. On the other hand, the regressed maximum adsorption
capacity has been used to evaluate the effect of shale rock
properties such as composition (e.g., TOC, moisture)70,346,347

and pore structures.23,348,349 In terms of the approaches using
constant Va, Xiong et al.

108 used Va obtained by multiplying SSA
by 0.38 nm (as the width of methane single-adsorption layer) to
regress experimentally measured mex. Pang et al.

88 showed that
the Langmuir model with 0.38 nm as the constant adsorption
layer width can have a reasonable agreement with GCMC
simulations. In addition to the traditional Langmuir model, the
Toth model with the consideration of heterogeneity125,350 has
been applied
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where KT is a constant, and n reflects the heterogeneity of
adsorbent. If n is close to 1, the Toth model regresses to the
Langmuir model.
Due to the rock heterogeneity, the energetically homoge-

neous assumption used in the Langmuir model may not be
applicable to shale nanoporous media. To take into account the
different rocks in shale, Tang et al.280,351 used a dual-site
Langmuir (DSL) model by assuming two types of adsorption
sites with different temperature-dependent equilibrium con-
stants. A fraction coefficient is used to account for the ratio of
these sites. The added parameters lead to an increase in degrees
of freedom for fitting, while the fraction coefficient obtained
from regression only represent the results of the best numerical
fit, not based on the physical meaning of shale rock
heterogeneity. Li et al.80 proposed a modified Langmuir
model to account for the energetic heterogeneity by considering
PSD. The adsorption energy is expressed by using the Steele 10-
4 potential model352 so that adsorption energy distributions are
related to the actual shale PSD. In their approach, the averaged
interaction coefficient which is dependent on the density of
adsorbent atoms and adsorbate−adsorbent interaction is
applied, while in shale nanoporous media the rock heterogeneity
may result in different PSDs and interaction energies.
We note that the original Langmuir model is developed for

adsorption on a single surface, not in a porous media. As we have
discussed, shale has a wide range of PSD with an extensive
number of micropores and mesopores. The methane adsorption
behaviors in micropores and some small mesopores are
drastically different from the adsorption on a single surface
making using the Langmuir model to convertmex to obtainmabs a
pure curve fitting.30 In addition, there are many works directly
using the Langmuir adsorption amount to represent the excess
adsorption.35,157,353 Although the pressures in their work are
generally low, the mixed definitions of excess and absolute
adsorptions may lead to larger errors if the isotherm is
extrapolated to higher pressure conditions.

5.3.2. Supercritical Dubinin−Radushkevich (SDR) Model.
The classical Dubinin−Radushkevich (DR) model describes a
micropore-filling phenomenon which is based on Polanyi
potential theory.354,355 It has been widely used to model
subcritical gas adsorption in zeolite and carbonaceous
materials.356,357 Within the framework of the DR model, the
adsorption potential A is temperature dependent, given as

= −
i
k
jjjjj

y
{
zzzzzA RT

P
P

ln
0 (38)

where P and P0 are pressure and saturation pressure,
respectively. The characteristic curve is investigated in terms
of the distribution of the adsorption volume and potential, which
reflects the given adsorbent−adsorbate system.354 Therefore,
the fraction (using Gaussian distribution) of pore volume
occupied by the adsorbed phase (W) to the total pore volume
(W0) can be given as
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(39)

where E is the characteristic energy of the system. By defining E
= βE0, where β and E0 are affinity coefficient and characteristic
energy of a standard adsorbate−adsorbent system, and applying
W/W0, the absolute adsorption in the DR model can be
expressed as
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where D is defined as the constant representing the affinity of
adsorbate to the adsorbent, which depends on the structural
property of porous media. It should be noted the DR model is
originally used for subcritical adsorption. Sakurovs et al.98

modified the original DR model to the application of
supercritical gas adsorption in coal. The modified version is
called supercritical DR (SDR) model which utilizes adsorbed
phase density (ρa

SDR) and bulk density (ρb), which is given as
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Then, the excess adsorption in SDR model is given as
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The SDR model has been used to regress methane mex to
obtain mabs in coal and shale samples.57,95,317,358 Both constant
adsorbed phase density (eq 42) and constant adsorbed phase
volume (eq 43) methods has been applied in experimental and
simulation works. In terms of the constant adsorbed phase
density method, the fitting parameters include mmax

SDR and D,
while the adsorbed phase density can be treated as a freely
fitted95,98,317,340 or predetermined value such as 373 or 424 kg/
m3.88,347 Li et al.317 applied the SDR and Langmuir models using
fixed adsorbed phase density to regress the experimentally
measured methane mex in shale and isolated kerogen samples
from Sichuan Basin under three temperatures (333, 373, and
413 K) and pressure up to 600 bar. They found that the fitted
adsorbed phase density for shale is in the range of 210−546 and
209−489 kg/m3 for the Langmuir and SDR models,
respectively. Tian et al.95 reported that the freely fitted adsorbed
phase densities in the SDR model for shale samples from
Sichuan Basin at 308.5, 323.5, and 338.5 K are all lower than 424
kg/m3, while the highest regressed adsorbed phase density value
based on the Langmuir model can be even over 1000 kg/m3. On
the other hand, Hu et al.347 investigated the methane adsorption
in overmature Wufeng−Longmaxi shale and found that the
regressed ρa can be higher than 424 kg/

3. In addition, they found

that the regressed maximum adsorption capacity in the SDR
model is independent of the applied ρa approaches (either freely
fitted or predetermined ρa as 424 or 373 kg/m3), while the
maximum adsorption capacity in SDR is comparable to that in
the Langmuir model using a freely fitted adsorbed phase density.
In contrast, Wang et al.359 compared the maximum adsorption
capacity of shale samples from the Wufeng−Longmaxi
Formation calculated with a fixed adsorbed phase density as
424 or 373 kg/m3 and a freely fitted adsorbed phase density.
They found a smaller regressed maximum adsorption capacity
when using a higher fixed adsorbed phase density. Rexer et al.57

applied the SDR model to methane adsorption in an Alum shale
sample at temperatures from 300 to 430 K and pressures up to
140 bar and with a predetermined density as 370 kg/m3, which is
obtained from molecular simulations by Ambrose et al.360 They
found that the use of 370 kg/m3 can have a good regression
result only for temperatures between 300 and 338 K, while the
freely fitted adsorbed phase density method can have good
regression results at all the temperature conditions. On the other
hand, in terms of the constant adsorbed phase volume method,
different approaches have been used. Pang et al.88 used 0.38 nm
as the adsorption layer width associated with surface area to
account for the constant adsorbed phase volume, and the
calculated absolute adsorption is in a good agreement with
molecular simulations. Tian et al.99 used the constant adsorbed
phase volume in the SDR model to fit methane excess
adsorption in illite nanopores obtained from GCMC simu-
lations. They found that using a constant adsorbed phase volume
in the SDR model has a better performance than that using a
constant adsorbed phase density in terms of absolute adsorption
prediction by comparing to GCMC simulations.
However, we note that the SDR model is based on the pore

filling mechanism, which has been regarded as the adsorption
mechanism in micropores, while shale has a wide range PSD
covering micropores, mesopores, and macropores. In addition,
the current SDR model cannot take into account the rock
heterogeneity.

5.3.3. Supercritical Brunauer−Emmett−Teller (SBET)
Model. As methane adsorption in shale nanoporous media
may not be fully described by the monolayer adsorption model,
and multilayer models have been suggested by molecular
simulation works,99,279 the BET model has also been proposed
to convert mex to mabs. As shown in Section 3.2.1, the
conventional BET equation assumes an infinite number of
adsorption layers on adsorbent (thus a multilayer adsorption
model), while the general equation to describe the BET
isotherm in terms of n adsorption layers can be given as
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where mabs
BET and mmax

BET are adsorbed gas amount and maximum
adsorption capacity in BET model, respectively; k0 reflects the
energetic of adsorption in the system which is introduced in
Section 3.2.1, and P and P0 are the bulk pressure and saturation
pressure of gas molecules, respectively. The BET model is
originally developed to interpret gas adsorption at subcritical
conditions, while methane adsorption in shale nanoporous
media is generally conducted at supercritical conditions.361 Yu et
al.102 used the pseudosaturation pressure (Ps)

362 to replace the
saturation pressure, which is given by the Antoine equation363
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Then, the excess adsorption in supercritical BET model is given
as
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where ρa
SBET is assumed to be pressure dependent364 as ρa

SBET =
0.1057 ln(P)− 0.4629. Therefore, the fitting parameters in their
work include mmax

SBET, n, and k0. We note that while the BET
model can describe multilayer adsorption, the conversion shown
in eq 46 is still based on a single-layer adsorption model as
depicted in eq 24. On the other hand, Zhou et al.103 proposed a
SBET model in terms of bulk density and adsorbed phase
density, given as
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Then, the excess adsorption is given as
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In their work, the fitting parameters include mmax
SBET, n, ρa

SBET, and
k0, while the conversion is conducted under single-layer
adsorption model. Xiong et al.340 compared the performance
of different adsorption models. They found that the absolute
adsorption obtained from SBET keeps increasing and is
significantly higher than that predicted by the Langmuir
model. Moreover, the SBET-based model with a constant
adsorbed density is found to present negative adsorption at high
pressures.
While the original BET model can describe multilayer

adsorption structures, the current SBET models still convert
mex to mabs based on single-layer adsorption model (see eqs 46
and 48). Similar to the Langmuir model, the SBETmodel is built
upon adsorption on a single energetically homogeneous surface
which cannot fully capture the rock heterogeneity and pore size
heterogeneity in shale.
5.3.4. Ono−Kondo (OK) Lattice Model.While the Langmuir

and SDR models cannot describe the multilayer adsorption
models and SBET remains as a pseudo-multilayer model, the
Ono−Kondo (OK) lattice model365 can explicitly consider
fluid−fluid and fluid−surface interactions as well as the layering
structures in porous media.366−369 The schematic representa-
tion of the OK model is shown in Figure 24 in a cubic lattice
geometry. In OK lattice theory, the assumptions include the
following: (a) Each adsorption site can be occupied by one
adsorbate molecule or at vacancy, and each layer is parallel to the
pore surface. (b) Fluid−fluid interactions between adsorbate
molecules in the same layer and adjacent layers are considered.
(c) Fluid−surface interactions are considered only at the first
adsorption layer. At equilibrium, the change of Gibbs free energy
relates to the exchange of an adsorbate molecule at one site to

the empty site of infinite distance zero; the expressions can be
given by the mean-field approximation
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where i is the index of lattice layer; ε and εs are adsorbate−
adsorbate interaction energy and adsorbate−adsorbent inter-
action energy, respectively; z0 and z2 are bulk coordination
number and coordination number within the same layer,
respectively, and z1 can be expressed as z1 = (z0 − z2)/2. For
a cubic lattice configuration, z0 = 6, z1 = 1, and z2 = 4,

368 while for
hexagonal lattice configuration, z0 = 8, z1 = 1, and z2 = 6,370 xi
and xb represent the fraction of absorbed phase molecules
occupy the layer i and the fraction of molecules in the bulk phase
with respect to lattice site, respectively. The expressions of xi and
xb can be given as
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where ρa,i
OK and ρam

OK are adsorbed phase density in layer i and
maximum adsorbate density in each layer, respectively. There-
fore, the total excess adsorption and absolute adsorption in OK
model can be given as
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Figure 24. Schematic representation of Ono−Kondo lattice model. i is
the index of lattice layers.
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where C represents the adsorption capacity and reflects both
adsorbed phase density and structural properties in each layer.
Sudibandriyo et al.107 applied monolayer and three-layer

adsorption in the OKmodel for CH4, N2, and CO2 adsorption in
coal samples. The two-parameter OK model (C and εs) was
proposed in their work, with ρam

OK and ε obtained from the
reciprocal van derWaals co-volume and energy parameter of the
LJ 12-6 potential. Merey and Sinayuc102 adopt Sudibandriyo et
al.’s107 model with monolayer adsorption assumption to predict
CO2 sequestration in shale. However, in the works by Bi et
al.371,372 and Qin et al.373 which assumes ε = 0 and monolayer
adsorption, the OK model regresses to the Langmuir model.
They also mistakenly used the expression of excess adsorption
for absolute adsorption, which would lead to large errors. Pang
and Jin279 assumed a constant adsorbed phase volume which
utilizes C =mmax

OKWa
OK according to the findings from the GCMC

simulation to describe methane adsorption in carbon slit pores
at 333.15 K, with mmax

OK and Wa
OK representing the maximum

adsorption capacity per unit surface area and adsorption layer
width in the OK model, respectively. Wa

OK is fixed as 0.38 nm,
which is consistent with the methane LJ diameter.99 The
regression parameters in their work include mmax

OK , ρam
OK, ε, and εs,

while a three-layered structure is assumed from each pore
surface. The result of the proposed OK model has shown an
excellent agreement with GCMC simulations in terms of both
mex and converted mabs. In addition, the contribution of the
second adsorption layer can be explicitly characterized. Xiong et
al.108 used a constant adsorption layer width associated with SSA
obtained from experiments to regress experimentally measured
methane excess adsorption in shale samples from the Lower
Permian Shanxi Formation and a Lower Jurassic sample from
the Posidonia shale. They found that the regressed OK model
shows monolayer adsorption behaviors, while the regressed
maximum adsorbed density should be less than the theoretical
limit of methane density (560 kg/m3) by assuming a hexagonal
closed packing (HCP). Moreover, Pang et al.100 built a model
kerogen nanoporous media with a realistic continuous PSD. The
methane adsorption is characterized into six distinct types based
on the density profiles obtained from the GCMC simulation. In
order to consider different adsorption behaviors in micropores
and mesopores, pores with specific pore size ranges are
characterized and lumped into adsorption type. The perform-
ance of the OK model with PSD lumping (OK-PSD-L) is
validated by randomly generating 1250 samples with continuous
PSD from 0.7 to 50 nm and micropore volume ratios from 5% to
35%. TheOK-PSD-Lmodel has a more superior performance to
predict the first layer absolute adsorption than Langmuir, SDR,
and SBET methods. However, only pore size heterogeneity is
considered in current works,88,100,122 while the rock hetero-
geneity arising from different adsorption capacities in organic
and inorganic matters has not been fully taken into account.
5.3.5. Simplified Local Density (SLD) Model. The simplified

local density (SLD) model is based on the local density
approximation (LCA) to calculate the configurational energy of
adsorbates according to fluid−surface interaction and EOS.374

The SLD model which considers both fluid−fluid interactions
and fluid−surface interactions has been widely used in
interpreting hydrocarbon adsorption in shale and
coal.289,375−379 The currently used SLD model often describes
adsorbates in slit pores as shown in Figure 25.
Three basic assumptions are made in the SLD

model:104,225,375 (a) The adsorbate in the pore has the same
chemical potential as its bulk value. (b) At equilibrium, the

chemical potential of the adsorbate in the pore is the summation
of fluid−fluid and fluid−surface potentials. (c) The chemical
potential is calculated according to the local density value (thus,
a LCA). The chemical potential at position z along the pore
space is given as

μ μ μ μ= + =z z z( ) ( ) ( )ff fs bulk (52)

where μff(z), μfs(z), and μbulk(z) are chemical potential from
fluid−fluid interactions, fluid−surface interactions, and bulk
phase, respectively. The μff(z) and μbulk(z) are given as
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where μ0(T) and f 0 are chemical potential and fugacity of a
reference state, respectively, R and T the gas constant and
temperature, respectively, and f bulk and f ff(z) the fugacity of bulk
phase and at position z. μfs(z) can be expressed based on fluid−
surface potential (Ψfs(z)) between two pore surfaces

μ = [Ψ + Ψ − ]z N z L z( ) ( ) ( )fs fs
fs A (54)

where NA is the Avogadro constant, and L is the pore width.
Integrated 10-4 potential352 is used to account for fluid−surface
potential
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where ρatom is the density of solid atom, 38.2 atoms/nm2, εfs the
interaction parameter between fluid and surface, σfs the fluid−
solid atom diameter which can be given as σfs = (σff + σss)/2, and
σff and σff are 0.355 and 0.3758 nm, respectively, and z′ the
dummy coordinate which can be given as z′ = z + σss/2.
Therefore, eq 52 can be given as

= − Ψ + Ψ −
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
f z f

z L z
k T

( ) exp
( ) ( )fs

ff bulk

fs

B (56)

where kB is the Boltzmann constant. The Peng−Robinson
equation of state (PR-EOS)380 is used for fugacity calculation of
bulk fluid and adsorbate in the system

Figure 25. Schematic representation of simplified local density (SLD)
model. Reproduced from Chareonsuppanimit et al.289 with permission.
Copyright (2012) Elsevier.
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where a(T) and b are the parameter in terms of attraction and
the van der Waals co-volume,381 respectively, ρb and ρ(z) the
bulk density and density along z, aads(z) the function of position
which is proposed by Chen et al.,382 and b can be corrected as383

= + Λb b(1 )ads b (58)

where bads and Λb are modified co-volume and correction
parameter, respectively. Therefore, the excess adsorption in SLD
model can be expressed as

∫ ρ ρ= −m
A

z dz
2

( ( ) )ex
SLD

b (59)

where A is the surface area. Therefore, the absolute adsorption
can be calculated based on the characterization of adsorbed
phase width (Wa) from density distribution in SLD model
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abs
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a (60)

Here, mex
SLD is used to regress experimentally measured excess

adsorption, while typical regression variables include εfs and
other parameters treated differently in various works. Qi et al.225

utilized four regression parameters (εfs, Λb, A, and L) for
methane adsorption in shale, kerogen, and clay. The regressed
specific surface area of montmorillonite is found to be two times
that in kerogen and three times that in shale, respectively. In Liu
et al.,104 εfs and Λb are two adjustable parameters, and the
adsorbed phase width is characterized as a methane diameter of
0.37 nm. Here, L is chosen as the dominant pore size from the
PSD obtained by NLDFT, and A is from BET SSA. Several
works104,375 used σff/2 and L − σff/2 as the upper and lower
limits for density integration, respectively, while other
works106,225,384 stated that the application of 3σff/8 and L −
3σff/8 can avoid computational issues during regression. Wu et
al.385 derived a SLD-cylinder model for CH4 and H2 adsorption
in multiwalled carbon nanotubes (MWCNTs). Pang et al.105

compared the SLD-cylinder model with GCMC simulations for
CH4 adsorption in single-walled carbon nanotubes (SWCNTs).
The density profile obtained from GCMC simulation is higher
than that from SLDmodel, and they attributed the deviations to
the LCA, inaccurate expression of fluid structure, and repulsive
fluid−fluid interaction.
Compared to the OK lattice model, the SLD model is built

upon the off-lattice assumption as in NLDFT. In principle, the
SLD model can be considered as a simplified model of DFT
(e.g., the engineering DFT proposed by Firoozabadi and his co-
workers30,169,249 uses WDA243 to extend the PR-EOS to the
inhomogeneous conditions). However, due to the LCA and PR-
EOS for fluid−fluid interactions, the SLD model generally does
not display the layering structures as observed in molecular
simulations.116,122 In addition, rock heterogeneity and pore size
heterogeneity in shale nanoporous media have not been fully
taken into account by the SLD model in the current stage.

5.4. Summary about Various ConversionMethods and
Remaining Challenges. While the currently applied models
have greatly advanced our understanding toward absolute
adsorption characterization in shale nanoporous media at
various pressures and temperatures, there still remains daunting
challenges. The central challenges arise from the rock
heterogeneity and pore size heterogeneity as well as different
methane adsorption behaviors in micropores and mesopores. As
a result, while the macroscopic thermodynamic models such as
Langmuir, SDR, and SBET models are very efficient in terms of
data processing, their “one-size-fits-all” approach may not be
applicable. In addition, the proposed mechanisms can greatly
deviate from methane adsorption behaviors in nanoporous
media, and the single-layer adsorption model may become
ineligible as shown in molecular simulation works.99,279 In this
regard, the OK lattice model can capture varying methane
adsorption behaviors in micropores and mesopores, and by
coupling with PSD, it can have a good agreement with molecular
simulations in terms of methane absolute adsorption in model
kerogen nanoporous media.100 However, rock heterogeneity has
not been fully taken into account in the present study nor has it
been treated without correlating with actual rock composition
analysis. Furthermore, the effect of pore geometry has not been
investigated well, while most conversion methods are based on
slit geometry.
Molecular simulations can be a powerful tool to reveal

methane adsorption behaviors in various pores with different
rock types, which can complement experimental measurements.
However, they need carefully selected molecular models and
force fields which should be obtained by explicitly comparing to
precisely controlled (rock type, pore size, and pore geometry)
porous media to provide reliable predictions.
On the other hand, most experimental measurements on

methane adsorption in shale nanoporous media are conducted
up to moderate pressure conditions,87 while its absolute
adsorption at high pressures (which are relevant to actual
shale reservoir conditions) is obtained from extrapolation. Pang
et al.88 have shown that such an extrapolation can result in large
errors in terms of absolute adsorption prediction. Therefore, it is
suggested to conduct experimental measurements up to high
pressure conditions. In addition, Wu et al.112 reported that
kerogen swelling and deformation may also greatly affect
absolute adsorption prediction as methane adsorption and
absorption can occur concurrently during adsorption measure-
ment in shale and isolated kerogen samples. It should be noted
that surface roughness may also affect the absolute adsorption
calculation as the methane adsorption layer disappears on a
rough kerogen surface as shown by Tesson and Firoozabadi.224

Interestingly, paired with SSA (which can be obtained from PSD
with predefined pore geometry), Langmuir and SDRmodels can
have a good agreement with GCMC simulations in terms of
methane absolute adsorption in model kerogen nanoporous
media.88 It is probably because while methane renders varying
adsorption behaviors in different pores, the first adsorption layer
still dominates the adsorbed gas capacity. This phenomenon
also double downs on the importance of reliable character-
izations of SSA and PSD.

6. CONCLUDING REMARKS: PROMISES AND
CHALLENGES
6.1. Interpretation in Shale Characterizations. Shale gas

has become a dominant natural gas supply in the U.S.,7 while
natural gas is an important bridge fuel to reach net-zero carbon
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emissions.2,5 However, due to the inherent rock heterogeneity
and the abundant nanoscale pores, the characterization of shale
rocks and the determination of methane adsorption in shale
nanoporous media face enormous challenges. Thanks to the
advancement in various imaging methods (such as SEM), one
can directly observe pore structures and geometries in shale,
while the observations from these methods are often limited to
the target areas and pore connectivity can be hardly revealed. As
a result, various indirect observation approaches coupled with
different interpretation methods have been used to characterize
pore structures including SSA and PSD. Some interpretation
methods are built uponmicroscale andmacroscalemodels (such
as the Kelvin equation and Young−Laplace equation), while
pores in shale can be as small as sub-1 nm, and pore throat size
can be even smaller.22 The validity of these large-scale models in
the ultrasmall nanoscale range remains as a debate,227 while they
are embedded in various interpretation methods. On the other
hand, the rock heterogeneity (organic and inorganic matters) in
shale media adds another layer of difficulty, as most
interpretation methods are built upon homogeneous rock
properties (such as wettability). There have been attempts to
separate different rocks in shale150,259 to provide a better
interpretation of rock properties. In addition, the nonuniform
pore geometries in shale media indicate that the experiences
from nanoporous media with a uniform pore geometry222

cannot be directly applied.
6.2. Absolute Adsorption Conversion. On the other

hand, the current state-of-the-art experimental measurements
generally obtain excess adsorption, while the absolute
adsorption needs to be converted from the excess adsorption.
Various excess-adsorption-to-absolute-adsorption methods
have been proposed, including constant adsorbed phase density,
slope methods, and thermodynamic models (such as Langmuir,
SDR, SBET, SLD, and OK). The conversion is either conducted
by the assumption of constant adsorbed phase density or
constant adsorbed phase volume. Molecular simulations99,116

have revealed that the adsorbed phase density is dependent on
pressure, temperature, pore size, and rock type, indicating that
the constant adsorbed phase density methods may become
inapplicable. While these conversion methods have greatly
advanced our understanding about the absolute adsorption
characterization, they generally do not take into account the
rock heterogeneity and pore size heterogeneity. In addition,
most methods have been applied under the assumption of a
single-layer adsorption model, while molecular simulations
indicate that the second adsorption layer which is denoted as a
transition zone99,279 can exist in methane adsorption in organic
and inorganic nanopores. Some thermodynamic models (such
as Langmuir and SBET) based on the assumption of adsorption
on a single energetically homogeneous surface may also become
inapplicable to describe adsorption in micropores and small
mesopores in which the overlapped fluid−surface interactions
are significant and layering structures emerge.116 In recent
works,88,100,122 we found that the OK model with various
adsorption models coupled with PSD can reliably predict
methane absolute adsorption based on the excess adsorption by
comparing to GCMC simulations in model kerogen nanoporous
media. Interestingly, Langmuir and SDR models coupled with
SSA and given adsorption layer thickness can also have a good
absolute adsorption prediction.88 These studies further
emphasize the importance of reliable SSA and PSD for absolute
adsorption characterization. However, the rock heterogeneity
has not been fully taken into account in these works, which

should be addressed in future works. During the high-pressure
methane adsorption process, methane absorption in the kerogen
matrix can also occur concurrently with its contribution to the
total gas content in kerogen over 20%.111 Furthermore, the
presence of moisture can also affect methane adsorption
behaviors, which is largely ignored in absolute adsorption
characterization. Recently, machine learning studies386−388 have
been reported to account for different factors such as
temperature, pressure, TOC, and moisture content on methane
adsorption in coal and shale. However, the predicted adsorption
isotherm refers to the excess adsorption, while the absolute
adsorption still needs to be converted.
Collectively, our review highlights the importance of rock

heterogeneity and pore size heterogeneity inherent in shale
nanoporous media in pore structure characterizations and
methane adsorption behaviors. Due to the so-called dual
heterogeneity, one needs to reconsider the commonly used
characterization and interpretation methods when it comes to
gas adsorption in shale nanoporous media. The accurate SSA
and PSD are imperative to the characterization of methane
adsorption in shale nanoporous media. We also strongly suggest
more synergy and collaborative efforts between experimental
measurements from a macroscopic perspective and molecular
simulations from amicroscopic perspective in shale gas studies as
they can support and provide utterly important guidance to each
other.
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(358) Song, X.; Lü, X.; Shen, Y.; Guo, S.; Guan, Y. A modified
supercritical Dubinin−Radushkevich model for the accurate estimation
of high pressure methane adsorption on shales. Int. J. Coal Geol. 2018,
193, 1−15.
(359) Wang, Y.; Liu, L.; Sheng, Y.; Wang, X.; Zheng, S.; Luo, Z.
Investigation of supercritical methane adsorption of overmature shale
in Wufeng-Longmaxi Formation, southern Sichuan Basin, China.
Energy Fuels 2019, 33 (3), 2078−2089.
(360) Ambrose, R. J.; Hartman, R. C.; Diaz-Campos, M.; Akkutlu, I.
Y.; Sondergeld, C. H. Shale gas-in-place calculations part I: new pore-
scale considerations. SPE J. 2012, 17 (01), 219−229.
(361) Wang, Y.; Zhu, Y.; Liu, S.; Zhang, R. Methane adsorption
measurements and modeling for organic-rich marine shale samples.
Fuel 2016, 172, 301−309.
(362) Clarkson, C.; Bustin, R.; Levy, J. Application of the mono/
multilayer and adsorption potential theories to coal methane
adsorption isotherms at elevated temperature and pressure. Carbon
1997, 35 (12), 1689−1705.
(363) Hao, S.; Chu, W.; Jiang, Q.; Yu, X. Methane adsorption
characteristics on coal surface above critical temperature through
Dubinin−Astakhov model and Langmuir model. Colloids Surf., A 2014,
444, 104−113.
(364) Riewchotisakul, S.; Akkutlu, I. Y. Adsorption Enhanced
Transport of Hydrocarbons in Organic Nanopores. In SPE Annual
Technical Conference and Exhibition; Society of Petroleum Engineers,
2015.
(365) Ono, S.; Kondo, S. Molecular Theory of Surface Tension in
Liquids. In Structure of Liquids/Struktur der Flüssigkeiten; Springer,
1960; pp 134−280.
(366) Aranovich, G.; Donohue, M. Vapor adsorption on microporous
adsorbents. Carbon 2000, 38 (5), 701−708.
(367) Aranovich, G. L.; Donohue, M. D. Adsorption of supercritical
fluids. J. Colloid Interface Sci. 1996, 180 (2), 537−541.
(368) Aranovich, G.; Donohue, M. Predictions of multilayer
adsorption using lattice theory. J. Colloid Interface Sci. 1997, 189 (1),
101−108.
(369) Aranovich, G. L.; Donohue, M. D. Adsorption isotherms for
microporous adsorbents. Carbon 1995, 33 (10), 1369−1375.
(370) Benard, P.; Chahine, R. Modeling of high-pressure adsorption
isotherms above the critical temperature on microporous adsorbents:
application to methane. Langmuir 1997, 13 (4), 808−813.

(371) Bi, H.; Jiang, Z.; Li, J.; Xiong, F.; Li, P.; Chen, L. Ono−Kondo
model for supercritical shale gas storage: A case study of Silurian
Longmaxi shale in southeast Chongqing, China. Energy Fuels 2017, 31
(3), 2755−2764.
(372) Bi, H.; Jiang, Z.; Li, J.; Li, P.; Chen, L.; Pan, Q.; Wu, Y. The
Ono−Kondo model and an experimental study on supercritical
adsorption of shale gas: A case study on Longmaxi shale in southeastern
Chongqing, China. J. Nat. Gas Sci. Eng. 2016, 35, 114−121.
(373) Qin, C.; Jiang, Y.; Luo, Y.; Zhou, J.; Liu, H.; Song, X.; Li, D.;
Zhou, F.; Xie, Y. Effect of supercritical CO2 saturation pressures and
temperatures on themethane adsorption behaviours of Longmaxi shale.
Energy 2020, 206, 118150.
(374) Rangarajan, B.; Lira, C. T.; Subramanian, R. Simplified local
density model for adsorption over large pressure ranges. AIChE J. 1995,
41 (4), 838−845.
(375) Kong, S.; Huang, X.; Li, K.; Song, X. Adsorption/desorption
isotherms of CH4 and C2H6 on typical shale samples. Fuel 2019, 255,
115632.
(376) Wang, C.; Liu, Y.; Gao, Y. Comparison of the Absolute
Adsorption of CH4, n-C4H10, and CO2 on Shale. Energy Fuels 2020,
34 (4), 4466−4473.
(377) Zhang, J.; Tang, Y.; Chen, D. Prediction of methane adsorption
content in continental coal-bearing shale reservoir using SLD model.
Pet. Sci. Technol. 2019, 37 (15), 1839−1845.
(378) Wang, X.; Sheng, J. J. Understanding oil and gas flow
mechanisms in shale reservoirs using SLD−PR transport model.
Transp. Porous Media 2017, 119 (2), 337−350.
(379) Jiang, Z.; Zhao, L.; Zhang, D. Study of adsorption behavior in
shale reservoirs under high pressure. J. Nat. Gas Sci. Eng. 2018, 49, 275−
285.
(380) Peng, D.-Y.; Robinson, D. B. A New Two-Constant Equation of
State. Ind. Eng. Chem. Fundam. 1976, 15 (1), 59−64.
(381) Gasem, K.; Gao, W.; Pan, Z.; Robinson, R., Jr A modified
temperature dependence for the Peng−Robinson equation of state.
Fluid Phase Equilib. 2001, 181 (1−2), 113−125.
(382) Chen, J. H.; Wong, D. S. H.; Tan, C. S.; Subramanian, R.; Lira,
C. T.; Orth, M. Adsorption and desorption of carbon dioxide onto and
from activated carbon at high pressures. Ind. Eng. Chem. Res. 1997, 36
(7), 2808−2815.
(383) Fitzgerald, J.; Sudibandriyo, M.; Pan, Z.; Robinson, R., Jr;
Gasem, K.Modeling the adsorption of pure gases on coals with the SLD
model. Carbon 2003, 41 (12), 2203−2216.
(384) Fitzgerald, J. E. Adsorption of Pure andMulti-Component Gases of
Importance to Enhanced Coalbed Methane Recovery: Measurements and
Simplified Local Density Modeling. Dissertation, Oklahoma State
University, 2005.
(385) Wu, X.-J.; Ning, Z.-F.; Cheng, Z.-L.; Wang, Q.; Qi, R.-R.;
Huang, L.; Zhang, W.-T. Simplified local density model for gas
adsorption in cylindrical carbon pores. Appl. Surf. Sci. 2019, 491, 335−
349.
(386) Chen, Y.; Jiang, S.; Zhang, D.; Liu, C. An adsorbed gas
estimation model for shale gas reservoirs via statistical learning. Appl.
Energy 2017, 197, 327−341.
(387)Meng, M.; Zhong, R.; Wei, Z. Prediction of methane adsorption
in shale: Classical models and machine learning based models. Fuel
2020, 278, 118358.
(388) Meng, M.; Qiu, Z.; Zhong, R.; Liu, Z.; Liu, Y.; Chen, P.
Adsorption characteristics of supercritical CO2/CH4 on different types
of coal and a machine learning approach. Chem. Eng. J. 2019, 368, 847−
864.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.1c00357
Energy Fuels 2021, 35, 8456−8493

8493

https://doi.org/10.1021/acs.energyfuels.0c03079
https://doi.org/10.1021/acs.energyfuels.0c03079
https://doi.org/10.1002/ceat.201500617
https://doi.org/10.1002/ceat.201500617
https://doi.org/10.1016/j.fuel.2016.12.047
https://doi.org/10.1016/j.fuel.2016.12.047
https://doi.org/10.1016/j.jngse.2016.03.070
https://doi.org/10.1016/j.jngse.2016.03.070
https://doi.org/10.1016/j.jngse.2016.03.070
https://doi.org/10.1021/cr60204a006
https://doi.org/10.1021/cr60204a006
https://doi.org/10.1016/j.molliq.2019.01.005
https://doi.org/10.1016/j.molliq.2019.01.005
https://doi.org/10.1016/S0008-6223(00)00265-7
https://doi.org/10.1016/S0008-6223(00)00265-7
https://doi.org/10.1016/0927-7757(96)81455-5
https://doi.org/10.1016/0927-7757(96)81455-5
https://doi.org/10.1016/0927-7757(96)81455-5
https://doi.org/10.1016/j.coal.2018.04.008
https://doi.org/10.1016/j.coal.2018.04.008
https://doi.org/10.1016/j.coal.2018.04.008
https://doi.org/10.1021/acs.energyfuels.8b04344
https://doi.org/10.1021/acs.energyfuels.8b04344
https://doi.org/10.2118/131772-PA
https://doi.org/10.2118/131772-PA
https://doi.org/10.1016/j.fuel.2015.12.074
https://doi.org/10.1016/j.fuel.2015.12.074
https://doi.org/10.1016/S0008-6223(97)00124-3
https://doi.org/10.1016/S0008-6223(97)00124-3
https://doi.org/10.1016/S0008-6223(97)00124-3
https://doi.org/10.1016/j.colsurfa.2013.12.047
https://doi.org/10.1016/j.colsurfa.2013.12.047
https://doi.org/10.1016/j.colsurfa.2013.12.047
https://doi.org/10.1016/S0008-6223(99)00157-8
https://doi.org/10.1016/S0008-6223(99)00157-8
https://doi.org/10.1006/jcis.1996.0334
https://doi.org/10.1006/jcis.1996.0334
https://doi.org/10.1006/jcis.1997.4796
https://doi.org/10.1006/jcis.1997.4796
https://doi.org/10.1016/0008-6223(95)00080-W
https://doi.org/10.1016/0008-6223(95)00080-W
https://doi.org/10.1021/la960843x
https://doi.org/10.1021/la960843x
https://doi.org/10.1021/la960843x
https://doi.org/10.1021/acs.energyfuels.6b03425
https://doi.org/10.1021/acs.energyfuels.6b03425
https://doi.org/10.1021/acs.energyfuels.6b03425
https://doi.org/10.1016/j.jngse.2016.08.047
https://doi.org/10.1016/j.jngse.2016.08.047
https://doi.org/10.1016/j.jngse.2016.08.047
https://doi.org/10.1016/j.jngse.2016.08.047
https://doi.org/10.1016/j.energy.2020.118150
https://doi.org/10.1016/j.energy.2020.118150
https://doi.org/10.1002/aic.690410411
https://doi.org/10.1002/aic.690410411
https://doi.org/10.1016/j.fuel.2019.115632
https://doi.org/10.1016/j.fuel.2019.115632
https://doi.org/10.1021/acs.energyfuels.0c00278
https://doi.org/10.1021/acs.energyfuels.0c00278
https://doi.org/10.1080/10916466.2019.1610773
https://doi.org/10.1080/10916466.2019.1610773
https://doi.org/10.1007/s11242-017-0884-2
https://doi.org/10.1007/s11242-017-0884-2
https://doi.org/10.1016/j.jngse.2017.11.009
https://doi.org/10.1016/j.jngse.2017.11.009
https://doi.org/10.1021/i160057a011
https://doi.org/10.1021/i160057a011
https://doi.org/10.1016/S0378-3812(01)00488-5
https://doi.org/10.1016/S0378-3812(01)00488-5
https://doi.org/10.1021/ie960227w
https://doi.org/10.1021/ie960227w
https://doi.org/10.1016/S0008-6223(03)00202-1
https://doi.org/10.1016/S0008-6223(03)00202-1
https://doi.org/10.1016/j.apsusc.2019.05.350
https://doi.org/10.1016/j.apsusc.2019.05.350
https://doi.org/10.1016/j.apenergy.2017.04.029
https://doi.org/10.1016/j.apenergy.2017.04.029
https://doi.org/10.1016/j.fuel.2020.118358
https://doi.org/10.1016/j.fuel.2020.118358
https://doi.org/10.1016/j.cej.2019.03.008
https://doi.org/10.1016/j.cej.2019.03.008
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c00357?rel=cite-as&ref=PDF&jav=VoR

