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ABSTRACT: Making reliable estimates of gas adsorption in shale
remains a challenge because the variability in their mineralogy and
thermal maturity results in a broad distribution of pore-scale
properties, including size, morphology and surface chemistry.
Here, we demonstrate the development and application of a hybrid
pore-scale model that uses surrogate surfaces to describe
supercritical gas adsorption in shale. The model is based on the
lattice density functional theory (DFT) and considers both slits
and cylindrical pores to mimic the texture of shale. Inorganic and
organic surfaces associated with these pores are accounted for by
using two distinct adsorbate−adsorbent interaction energies. The
model is parametrized upon calibration against experimental
adsorption data acquired on adsorbents featuring either pure clay
or pure carbon surfaces. Therefore, in its application to shale, the hybrid lattice DFT model only requires knowledge of the shale-
specific organic and clay content. We verify the reliability of the model predictions by comparison against high-pressure CO2 and
CH4 adsorption isotherms measured at 40 °C in the pressure range 0.01−30 MPa on four samples from three distinct plays, namely,
the Bowland (UK), Longmaxi (China), and Marcellus shale (USA). Because it uses only the relevant pore-scale properties, the
proposed model can be applied to the analysis of other shales, minimizing the heavy experimental burden associated with high-
pressure experiments. Moreover, the proposed development has general applicability meaning that the hybrid lattice DFT can be
used for the characterization of any adsorbent featuring morphologically and chemically heterogeneous surfaces.

1. INTRODUCTION
Shale gas production continues to accelerate globally, along
with an interest in improving recoveries from these “tight”
reservoirs.1 CO2-enhanced shale gas recovery (ESGR) has
been considered as a potential means of achieving higher
production rates, while alleviating some of the impact on the
climate by the permanent sequestration of CO2 within the
shale reservoir.2,3 The underlying physical mechanism in shale
that theoretically supports this technique is gas adsorption. As
shales have pores that are nanometric in size,4 gas is stored not
only as compressed fluid (like in conventional reservoirs) but
also as adsorbed gas at liquidlike densities.5 Studies have
shown that shale is more selective toward CO2 compared to
CH4, the main component of shale gas.6,7 This further
indicates that the injection of CO2 would not only lead to
operational benefits, such as maintenance of the reservoir
pressure, but also promote desorption and recovery of CH4.

8,9

When evaluated as sorbent material, shale can be
represented as composed of pores found in the organic (i.e.,
kerogen) and inorganic (i.e., clay minerals) components of the
rock matrix.10,11 Although these two components may show a
similar distribution of (equivalent) pore sizes,12,13 they differ
substantially in terms of surface chemistry and pore
morphology. Clay minerals are usually stacked and layered14

and form slitlike, elongated pores, while the organic matter
features curved and spherical pores.4,15,16 Making reliable
estimates of gas adsorption on shale can be challenging due to
the natural variability in their mineralogy and thermal maturity,
in addition to a wide distribution of pore sizes.17 Models that
can predict this behavior based on selected textural and
chemical properties of a given shale would be highly beneficial
in limiting the experimental burden associated with both
characterization and high-pressure adsorption measurements.
Once developed, such predictive models could become integral
to workflows for resource evaluation.
Models typically used to describe supercritical gas

adsorption on shale vary in their complexity. By far the most
commonly used models, particularly for CH4 adsorption, are
empirical ones, such as those based on the Langmuir or BET
isotherm equations.18−20 These models have been derived for
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subcritical or vapor adsorption. Their extension to high
pressures means that many of their underlying assumptions
need to be ignored or that some parameters lose their physical
meaning. Additionally, in their application to supercritical
adsorption, these models require making assumptions on the
magnitude and the behavior of either the volume or the density
of the adsorbed phase as a function of pressure.21 As a
consequence of their simplicity, they are also often unable to
capture the complex, pore-size-dependent adsorption behavior
that is typical of micro-/mesoporous adsorbents.22 Molecular
simulations have been widely adopted to describe adsorption
in clay minerals, organic pores, and shales.23−25 The most
common approaches include Grand Canonical Monte Carlo
(GCMC),26 density functional theory (DFT),27 lattice
Boltzmann methods,28,29 molecular dynamics (MD) simu-
lations,30 and pore network modeling.31 Although these
models vary in their complexity, their application can often
be restricted to small, simple domains (single pore systems
with simplified pore geometries). The development of
multitechnique approaches32−35 is particularly promising for
the most realistic description of gas storage and transport in
shale. While they provide useful insight into the adsorption
process on a molecular level,36 these numerical approaches
remain computationally expensive, requiring the application of
parallel computing to offset this cost, as has been successfully
demonstrated for lattice Boltzmann methods.28,29 Pore-scale
numerical approaches, such as the lattice density functional
theory (lattice DFT), have been shown to be a practical, yet
physically sound, compromise for the description of super-
critical gas adsorption in porous solids.37,38 The lattice DFT
model incorporates the pore size distribution of the adsorbent
to describe the adsorption behavior on a pore-by-pore basis,
and it explicitly accounts for adsorbate−adsorbate and
adsorbate−adsorbent interactions. Although this numerical
approach has been applied to a wide range of natural
sorbents,39−41 its application to shale is still in its infancy.
In this paper, we develop a hybrid adsorption isotherm

model for adsorbents featuring pores with distinct shapes and
surface chemistries, such as shale. The model is based on the
lattice DFT, and it considers slit as well as cylindrical pores to
mimic the texture of shale. The organic and inorganic surfaces
in shale are accounted for by using two distinct adsorbate−
adsorbent interaction energies. The parameters of the model
are obtained independently by using experimental adsorption
data acquired on adsorbents featuring either pure clay or
carbon surfaces. Therefore, the application of the model to
shale only requires knowledge of the shale-specific organic and
clay content. The reliability of the model predictions is verified
by comparison against high-pressure CO2 and CH4 adsorption
isotherms measured on four samples from three important
shale plays.

2. MATERIALS
2.1. Shale Samples. The samples used in this study have been

retrieved from three main shale plays: the (i) Bowland shale (UK),
(ii) Longmaxi shale (China), and (iii) Marcellus shale (USA). These
shales were selected due to their importance in the wider shale gas
industry and the substantial effort that has gone into characterizing
them. The Marcellus shale is the largest shale play in the USA42 and
has about 135 trillion cubic feet of proved reserves.43 The Longmaxi
shale in the Sichuan Basin is one of the key targets in China,44 with
the Fuling area currently being the largest producing reservoir in the
country.45 In the UK, although shale gas exploration is in its infancy,
the Bowland shale is considered a prime target for production.46

The Bowland shale samples (labeled as B1, B2, B5, B6, B8, and
B13) come from the Preese Hall-1 well in the lower Bowland shale
formation.47 Sample ML has been obtained from a well in the
postmature part of the Marcellus shale in the northeast of
Pennsylvania.48 The Longmaxi shale samples (LG3, LG4, and LG5)
were retrieved from sections WX-1, WX-5 (in the same well), and
WX-7 (in another well) in the Jiaoshiba area (Fuling gas field) and
Dingshan area (west of Fuling), respectively.49 The mineralogy of all
samples is reported in Table S1, and details on the associated
experimental procedures can be found in the publications listed
above. The samples are composed of a variety of clay minerals, and
they differ in both their organic content and degree of thermal
maturity. The Marcellus and Bowland shales have a maximum
vitrinite reflectance of approximately 4.0%48 and 1.1%,46 respectively,
and the Longmaxi shales have an equivalent vitrinite reflectance (as
they are vitrinite-free) of approximately 3.3−4.6%.49 This is also
reflected in their visual appearance: the B samples are light gray, while
ML and LG samples are much darker and almost black. All shale
samples were prepared for the study by crushing and sieving to below
a 100 μm particle size. Although all samples were used for textural
characterization, only four of them (B6, B8, ML, and LG4) have been
selected for the high-pressure adsorption experiments. The mineral-
ogy of these four samples is reported in Table 1.

2.2. Reference Adsorbents. Three additional adsorbent
materials were selected as part of this study to represent key features
associated with the texture and surface chemistry of shale for
modeling purposes. Graphitized mesoporous carbon (MC, powder,
45 ± 5 μm particle size) and microporous activated charcoal Norit
(AC, RB3, 3 mm rods) were chosen as the surrogates for carbon
surfaces found in the shale’s meso- and micropores. Illite (IL, IMt-2,
as supplied from the Clay Minerals Society) was chosen to represent
the clay pores, this being the dominating clay mineral in this
assortment of shales (Table 1). These materials have been extensively
characterized in our previous publications,50,51 and the results from
these works will be utilized in this study.

Table 1. Mineralogy in wt% of Samples B6, B8, ML, and
LG4 Used in the Supercritical Gas Adsorption Studiesa

Bowland shale
Longmaxi
shale

Marcellus
shale

component B6 B8 LG4 ML

kaolinite 1.1 2.3
illite/mica 17.2 19.2 18.0 45.0
illite/smectite mixed
layer

5.1 trace

smectite 0.0 4.0
chlorite 3.0 2.0

total clays 23.4 25.5 21.0 47.0

quartz 46.1 50.2 60.0 29.0
calcite 7.2 8.6 1.0 6.0
dolomite/ankerite trace 8.6 2.0
siderite 0.0 0.0
marcasite 0.9 0.6
pyrite 8.4 2.2 3.0 7.0
albite trace 1.2 10.0 11.0
orthoclase 1.2 2.1 3.0
gypsum 8.6 0.0
anatase 0.6 0.0
TOC 3.6 0.9 7.8 6.1
aData have been obtained from the following references: B6/B8,
unpublished measurements from University College London; LG4,
Delle Piane et al.;49 and ML, Delle Piane et al.48
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2.3. Gases. Gases for this study were sourced from BOC, namely,
CO2, Ar, and He at purities of 99.999% and N2 at a purity of
99.9992%; for the supercritical adsorption experiments, CO2 and CH4
were purchased at a purity of 99.995% and 99.5%, respectively. The
critical properties of the pure adsorbates are as follows: Tc(CO2) =
304.1 K, Pc(CO2) = 7.37 MPa, ρc(CO2) = 10.62 mol/L;52 Tc(CH4) =
190.6 K, Pc(CH4) = 4.60 MPa, and ρc(CH4) = 10.14 mol/L.53

3. METHODS
3.1. Textural Characterization. Subcritical Ar (87 K) and CO2

(273 K) adsorption isotherms were measured on the Quantachrome
Autosorb iQ instrument in the pressure range 1 × 10−7 to 1 × 10−1

MPa. For sample B13, a N2 (77 K) isotherm was measured instead of
Ar. When using Ar, temperature control was achieved using
Quantachrome’s CryoSync module, while for the experiments with
CO2, a liquid circulating thermostat (Julabo CORIO CD-200F) was
used to control the temperature of a bath filled with a mixture of
water and ethylene glycol (50 vol %). The shales were degassed in the
equipment’s external degassing station by applying a vacuum during
the following temperature ramp: 25 °C (10 min), 60 °C (1 h), 90 °C
(1 h), 120 °C (16 h). For samples B1, B2, and B5, subcritical N2 (77
K) and CO2 (273 K) adsorption isotherms were measured using a
similar apparatus, the Micromeritics 3Flex surface characterization
analyzer, which follows a very similar experimental protocol as above,
with the addition of in situ degassing for 3 h prior to the measurement
at 120 °C. Between 1 and 1.4 g was used for the experiments with
CO2 and about 0.2−0.4 g for the experiments with Ar (or N2).
The obtained adsorption isotherms were used to infer textural

properties of the shale samples, including the specific surface area,
pore size distribution, as well as the cumulative micro- and mesopore
volumes. To this end, the adsorption branch of each isotherm was
interpreted using adsorption models available within the instrument’s
software. Namely, the nonlocal DFT (NLDFT) model for cylindrical
silica pores was used for the Ar isotherms, while the Grand Canonical
Monte Carlo (GCMC) or NLDFT models for carbon slit pores were
used for CO2 isotherms measured on the Quantachrome Autosorb iQ
instrument. For the isotherms measured using the Micromeritics
3Flex surface characterization analyzer, the NLDFT model for carbon
slit pores was used for both N2 and CO2 adsorption isotherms. All
subcritical isotherms with the model fitting are shown in Figure S1.
We note that although these models reproduce with high accuracy the
measured adsorption isotherms, the chosen adsorption kernels

(cylindrical silica pores or slit carbon pores) cannot fully capture
the complexity of the shale’s pore space. Here, the obtained results are
primarily used as cumulative indicators of the shale’s total micro- and
mesoporosity.

3.2. Supercritical Adsorption Measurements. Supercritical
CO2 and CH4 adsorption measurements were performed using a
Rubotherm magnetic suspension balance (MSB) at 40 °C in the
pressure range 0.01−30 MPa. The details of the experimental setup,
methodology, and uncertainty analysis are described in our recent
work.50,51 Briefly, each sample was first degassed in situ under a
vacuum for at least 12 h at 120 °C, which was followed by an
experiment with helium at 80 °C to determine the skeletal volume of
the adsorbent (Table S3). The adsorbate (CO2 or CH4) was then
introduced into the measuring chamber, and measurements were
taken at the set temperature and at different pressures, with an
equilibration time of at least 90 min at each pressure step. Typically,
between gases, a full regeneration was accompanied by another
helium measurement. Between 1.6 and 2.7 g of shale was used for
these measurements, and for all gases, points were taken in both
adsorption mode (increasing the pressure in the MSB) and
desorption mode (depressurizing the MSB). The measured quantities
in these experiments are the bulk fluid density, ρb, and the excess
adsorbed amount, nex.

4. MODELING

A hybrid adsorption model is developed in this study to
describe the supercritical adsorption measurements of CO2
and CH4 on shale. The formulation of the model is based on
the lattice DFT, which computes adsorption for pores of
simplified geometries and by imposing a discretization of the
pore space, such that the adsorbed molecules form a regular
pattern. To describe the “true” material’s pore size distribution,
the lattice DFT model considers a reduced number of
(equivalent) pore sizes, which are properly weighted to
reproduce the cumulative pore volume distribution.38 The
model describes adsorption by considering both adsorbate−
adsorbate and adsorbate−adsorbent interactions and can
therefore be used to describe a wide spectrum of adsorption
systems, including those considered in this study. Notably, a
formulation of this modeling framework has been recently

Figure 1. (a) Exemplary shale microstructure. Top: SEM image of a Bowland shale sample showing a distribution of granular material (GM), clay
minerals (CM), and organic matter (OM). Bottom-left: intermineral clay pores in the same sample (imaged by helium ion microscopy). Images
used in unmodified form from Ma et al.,4 licensed under CC BY 3.0 (full terms available at https://creativecommons.org/licenses/by/3.0/
legalcode), reproduced with permission from ref 4. Copyright 2021 Royal Society of Chemistry. Bottom-right: SEM image of round pores in the
organic matter of a sample from the Barnett shale. Image used in unmodified form from Loucks et al.,15 reproduced with permission from ref 15.
Copyright 2009 Society for Sedimentary Geology. (b) Representation of a slit CM pore and a cylindrical OM pore in the lattice DFT framework.
The size L of each pore is defined by the total number of lattice layers J and the diameter of the adsorbate molecule d. Each circle is a site in the
lattice, which can be either vacant (gray) or occupied by an adsorbed molecule (red). Fluid−fluid and fluid−surface interactions are described with
an interaction energy parameter (εff and εsf).
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proposed in the literature that uses two distinct adsorbate−
adsorbent interaction energies to describe adsorption in micro-
and meso-/macropores of shale, respectively.41 Here, we
extend this conceptualization of the shale pore space by
explicitly considering the presence of clay and organic matter
pores (see Figure 1a) and by accounting for differences in their
shape and surface energy. Different from previous approaches,
our application of the lattice DFT model to shale is predictive,
as the model is independently parametrized and “calibrated”
using adsorption data on surrogate surfaces, as described in the
following sections.
4.1. Hybrid Lattice DFT Model. For the formulation of

the hybrid lattice DFT model, the shale is divided into two

distinct pore systemsslit pores and cylindrical poresto
represent voids created between clay particles and in the
organic matter, respectively (see Figure 1b). The mathematical
formulation for each of these pore types (i.e., the Ono-Kondo
lattice equations) can be found in our previous work.50,51 For
each pore type, different pore sizes (classes) are considered in
both the micro- and mesopore range. For each pore class, the
numerical solution of the Ono-Kondo equations provides the
lattice occupancy profile of the adsorbed fluid. In physical
units, this translates into a density profile that is used to
compute the excess amount adsorbed at a given temperature,
T, and bulk fluid density, ρb, from the contribution of each
individual pore class. Mathematically50

Figure 2. CO2 adsorption isotherms for (a) MC (40 °C and cylindrical lattice DFT model, experimental data measured by Ansari et al.50), (b) AC
(40 °C and cylindrical lattice DFT model, experimental data measured by Ustinov et al.55), and (c) IL (50 °C and slit lattice DFT model,
experimental data measured by Hwang and Pini51). Symbols denote experimental data, while the solid lines are optimum fits from the lattice DFT
model. The dot-dashed lines are isotherms computed for each pore class used in the lattice DFT model, with Jk being the number of lattice layers in
pore class k. Pore size distribution (up to 50 nm) obtained from subcritical physisorption measurements for (d) MC, (e) AC, and (f) IL, as
reported by Ansari et al.50 (MC and AC) and Hwang and Pini51 (IL). The bars denote the discretized PSD used in the lattice DFT model with the
parameters (Jk, pore size and volume fraction) reported in Table 2.
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where nslit
ex and ncyl

ex are the excess amounts adsorbed found on
the clay surfaces (slit pores) and on the carbon surfaces
(cylindrical pores), respectively; K is the total number of pore
classes; Jk is the number of layers in pore class k; ρj is the
density in layer j; νp,k is the specific pore volume in pore class
k; and csat(T) is a parameter that quantifies the fraction of the
total pore space occupied by adsorbed phase at saturation. The
total excess amount adsorbed for the shale is thus obtained as

ρ ρ ρ= +n T wn T w n T( , ) ( , ) ( , )ex
b c slit

ex
b o cyl

ex
b (2)

where wc and w0 are the clay and organic fraction of the shale,
respectively (see Table 1). We note that the number of layers
in a given pore class is the same for CO2 and CH4, because
these two molecules have a similar molecular diameter (d ≈
0.4 nm). We note that the given model does not consider
aspects related to the connectivity of the slit or cylindrical
pores. Accounting for the structure of the pore network is key
to the description of fluid transport in shale (and other porous
media), which is beyond the scope of the present work that
focuses on equilibrium adsorption properties.
To compute the excess amount adsorbed in each pore type

(eq 1), the model described above requires the following
parameters: (1) the lattice pattern, (2) the adsorbate−
adsorbate interaction energy (εff), (3) the total specific pore
volume (νp

tot), (4) its discretization in a given number of
representative pore classes, (5) the adsorbent−adsorbate
interaction energy (εsf), (6) the theoretical maximum density
in the lattice (ρmax), and (7) the fraction of the total pore space
occupied by adsorbed phase at saturation (csat).50 In this study,
we will use parameter values estimated upon application of the
model to supercritical CO2 and CH4 adsorption data measured
on carbon-based adsorbents (to represent the organic matter)
and on illite (to represent the clay fraction), as described in
next section. Therefore, by analogy with methods of pore size
analysis by molecular simulation,54 in this study, the lattice
DFT excess adsorption isotherms precomputed on these
surrogate pore surfaces serve as “kernels”, which are combined
in a proportion that reflects the composition of the given shale
sample. Accordingly, the predicted total shale’s pore volume is
obtained as

ν ν ν= +w wp
tot

c p
tot,slit

o p
tot,cyl

(3)

because the discretized pore size distribution of each shale
sample contains the same pore classes that describe adsorption
on these reference materials, i.e., νp

tot,j =∑k = 1
K νp,k

j , with j ∈ [slit,
cyl].
4.2. Model Parametrization. In addition to their shape,

the selection of an appropriate number of pore classes
underpins the predictive capability of the lattice DFT
framework. In our previous work, an approach was presented
where this selection was carried out by using the number of
pore classes and the size of the pores as parameters to best fit a

high-pressure CO2 adsorption isotherm measured slightly
above the critical point of the adsorbate. The rationale for
the approach is that at this temperature the adsorption
isotherm reveals distinct pore-size-dependent behavior, similar
to subcritical physisorption analysis. While the pore size
distribution derived from the subcritical isotherms has higher
granularity, the volume of each pore class used in the lattice
DFT model is constrained to these experimentally obtained
data. The approach was applied to carbonaceous adsorbents
(MC and AC)50 and has been extended in this study to the
clay sample (IL). The carbonaceous adsorbents are described
by cylindrical pores with a cubic lattice packing, and both will
be used here to represent the organic matter pores, to cover a
sufficiently wide range of pore sizes. We note that, for some
shales, the organic fraction may comprise contributions from
both MC and AC. In this case, ncyl

ex = (1 − t)ncyl,MC
ex + tncyl,AC

ex ,
where t is the fraction of AC. The clay fraction of shale will be
represented by IL, which can be described by slit pores with a
hexagonal lattice packing.51

Figure 2a−c shows the lattice DFT model fits to the
experimental CO2 excess adsorption data measured on MC,
AC, and IL, together with the individual contribution of each
pore class (the lattice DFT “kernels”), as determined by the
optimization. The pore classes selected by the optimizer and
their volume fraction are presented in Figure 2d−f, alongside
the continuous pore size distribution (PSD) data obtained
from the analysis of the subcritical adsorption isotherms.
Because the size of each bin is obtained as the cumulative
contribution of pore volume between two pore classes, we do
not expect the two PSDs to coincide. In fact, the aim of this
task is to adequately describe the supercritical adsorption
isotherm and not to match the experimental PSD.
The carbonaceous adsorbents have a fairly unimodal PSD

centered around 8.4 nm (MC) and 2 nm (AC), while the data
for IL indicate a multimodal distribution with important
contributions from both micro- and mesopores. These features
are manifested in the characteristic shape of the adsorption
isotherm of each reference material, as indicated by the distinct
location of the isotherm maximum, the steepness of the
isotherm at low density (ρb < 1 mol/L), and the degree of
nonlinearity of the isotherm at large bulk densities (ρb > 10
mol/L).22 The values of the selected representative pore
classes (number of layers, pore size, and volume fraction) are
summarized in Table 2. A total of five pore classes will be used
to represent each one of the two characteristic pore surfaces of
shale (organic and clay). All of the remaining lattice DFT
model parameters are summarized in Table S8. These will be
used together with the selected pore classes to predict
supercritical adsorption of CO2 and CH4 on four representa-
tive shale samples of varying mineralogy.
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5. RESULTS
5.1. Textural Characterization of Shale. The textural

properties of all of the shales considered in this study are
shown in Figure 3 and include the micropore volume (Figure
3a,b), the mesopore volume (Figure 3c,d) and the specific
surface area (Figure 3e,f), as a function of TOC and clay
content. The associated parameter values are reported in Table
S2, together with the subcritical adsorption isotherms that have
been used to extract them (Figure S1). We note that the
complete distribution of pore sizes and their volume as well as
the surface area of each shale sample have been obtained by
combining results obtained with CO2 (273 K) (Dp orWp ≤ 1.5
nm) and Ar (87 K) or N2 (77 K) (Dp orWp > 1.5 nm). In fact,
as indicated in previous studies56 and as observed for
measurements on source clay minerals,51 vapor adsorption in
narrow micropores may undergo long equilibration times,
which are exacerbated at cryogenic temperatures. These effects
can effectively be reduced by using CO2 as the probe molecule,
because of its smaller kinetic diameter and the higher
temperature of the experiment.56 In Table S2, the micropore
volumes obtained from the CO2 measurements are systemati-
cally higher than the values estimated from the Ar (or N2)
isotherms, supporting the use of multiple probing adsorptives
for textural analysis.
The textural analysis of the subcritical adsorption data allows

the identification of two groups of shales: thermally mature
shales (LG and ML samples, in purple) and the relatively
immature shales (B samples, in blue). For each textural
parameter, linear correlations obtained for each shale group are
also shown in each plot (solid lines), alongside predictions
based on the linear scaling of the same properties measured on
the reference materials (dashed lines, pure carbon or illite, see
Table S2). Two lines are shown to evaluate the scaling against
the carbonaceous adsorbents, representing MC:AC ratios of
60:40 and 100:0, respectively. Notably, a positive correlation
with TOC is observed for each textural parameter and for both
shale groups. On the contrary, the correlations with clay
content are positive only for the Bowland shales, while the data
for thermally mature shales outline a negative and significant
correlation in each parameter (R2 = 0.70−0.99). The results
also indicate that there is a fairly good agreement between
values of the micropore volume and the specific surface area
predicted from the perfect linear scaling of the carbonaceous

adsorbent properties and the measured counterparts. In
particular, the prediction of these properties for the Bowland
shale samples requires a lower AC:MC ratio, as compared to
the more thermally mature shales. A similar good agreement is
observed for Bowland shales between textural property
predictions based on the linear scaling of the illite source
clay mineral and the measured values. These trends and the
linear form of these correlations also agree with the literature
on various other shales.17,57

In Figure 3g,h the maximum excess amount adsorbed
measured with CO2 and CH4 on four shale samples (LG4, ML,
B6, and B8) is plotted as a function of TOC (Figure 3g) and
clay content (Figure 3h). These data have been obtained at a
temperature of 40 °C and at a pressure of approximately 8
MPa (CO2) and 10 MPa (CH4). For both adsorbates, we
observe a positive and significant correlation (R2 = 0.91) with
TOC. On the contrary, we do not find any correlation with the
clay content. This result indicates that the contribution of clays
to gas adsorption in shale is more complex than that of the
organic content. One indication confirming this increased
complexity was already given above, where a change in the sign
of the correlation between textural properties and clay content
was observed with increasing thermal maturity of the shale
(Figure 3b,d,f). When plotted against TOC, we also observe
that for both gases the predictions from the linear scaling of
values measured on mesoporous carbon (MC) underestimate
adsorption relative to direct measurements on shales. This
further implies that particular care should be taken in selecting
the reference carbon materials in the development of the
“kernels” to be used in the hybrid lattice DFT adsorption
model; in this study, we consider a synthetic mixture of AC
and MC to cover a broader range of pore sizes, this being
particularly important for the more mature shales (high TOC,
see next section). Moreover, we expect clays to contribute to
gas uptake, tooplaying an increasing role with a decrease in
thermal maturity (Longmaxi > Marcellus > Bowland shales)
and/or for shales with high clay content (>40 wt %). In fact, as
discussed above, the adsorption process is expected to be
controlled by the extent of microporosity and the available
surface area, these being textural properties that show a
positive and significant correlation with clay content in shale
(Figure 3b,f).

5.2. Supercritical CO2 and CH4 Adsorption on Shale.
The complete set of unary CO2 and CH4 excess adsorption
isotherms measured at 40 °C on the LG4, ML, B6, and B8
shales is shown in Figure 4 as a function of the bulk density, ρb.
The tabulated results are included in Tables S4−S7. For all
shales, the shape of the CO2 excess adsorption isotherms
closely reproduces the one observed for the reference
mesoporous materials (MC and IL), including the location
of the maximum at ρb ≈ 5−7 mol/L. The excess adsorption
isotherm shows an initial steep increase with bulk fluid density,
followed by a clear bending (knickpoint) characteristic of
mesoporous materials,22 before decreasing nonlinearly with a
further increase in bulk fluid density and approaching nex ≈ 0
at very high densities (ρb > 20 mol/L). At these conditions, the
material’s pore space is completely filled with a single fluid
phase (bulk and adsorbed phase cannot be distinguished). The
CH4 isotherms indicate that this point is not reached with any
of the shale samples, and their maxima are reached at slightly
smaller bulk densities, as compared to CO2. In fact, at the
highest pressure attained in the measurements (about 30
MPa), the bulk density of CH4 is much lower compared to

Table 2. Representative Pore Classes Used for Each
Surrogate Pore Surface and Their Propertiesa

adsorbent
pore

geometry
pore
class, k

pore size
[nm],

Dp or Wp

number
of layers,

Jk

volume
fraction,
νp,k/νp

tot

MC cylindrical 1 1.2 2 0.007
5 4.4 6 0.691
7 11.6 15 0.302

AC cylindrical 3 2 3 0.730
6 8.4 11 0.270

IL slit 2 1.6 4 0.138
4 2 5 0.216
8 12.4 31 0.079
9 19.2 48 0.180
10 36.4 91 0.387

aEach pore class has been assigned a value between k = 1 and k = 10
in the order of increasing pore size. Jk is the number of layers in class
k.
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Figure 3. Micropore volume (a, b), mesopore volume (c, d), specific surface area (e, f), and maximum excess adsorbed amount at 40 °C (g, h) of
the shale samples considered in this study as a function of TOC or clay content. Points show the properties derived from experimental
measurements, and solid lines denote lines of best fit. Dashed lines denote the scaled textural properties of MC/AC (60:40 ratio) or pure MC or IL.
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CO2, as the experimental temperature is farther from the
adsorbate critical temperature.
When comparing the adsorption isotherms measured on

these four shales samples, it becomes apparent that the more
organic-rich and thermally mature shales (LG4 and ML)
adsorb approximately 2−3 times the amount of gas adsorbed
on the Bowland shales. For CO2, the maximum excess amount
adsorbed decreases in the following order: LG4 (∼400 μmol/
g) > ML (∼290 μmol/g) > B6 (∼140 μmol/g) > B8 (∼110
μmol/g). The same order is observed for CH4, namely, LG4
(∼210 μmol/g) > ML (∼150 μmol/g) > B6 (∼50 μmol/g) >

B8 (∼35 μmol/g). For both CO2 and CH4, the ratio of the
maximum excess adsorption measured on LG4 and ML (∼1.4)
approximates the ratio of TOC of the two shales (∼1.3).
Within the Bowland shales, a similar ratio in the adsorbed
amounts (B6:B8) is observed, albeit the TOC ratio is
substantially higher (∼4). This result is notable because B6
and B8 have a similar amount of clay minerals (∼25 wt %),
highlighting once more the important, yet complex, contribu-
tion of clay minerals to gas uptake in shale. CO2 adsorbs more
than CH4 on all shales. For the two Bowland shale samples, the
CO2/CH4 ratio of the maximum excess amount adsorbed is

Figure 4. Excess CO2 and CH4 adsorption isotherms for (a, b) LG4, (c, d) ML, (e, f) B6 and (g, h) B8 at 40 °C (empty symbols denote data taken
in adsorption mode, and filled symbols represent data taken in desorption mode) and synthetic isotherms (solid lines) comprising summed scaled
MC, AC, and illite lattice DFT modeled isotherms at the same temperature. The scaling factors used for the modeled isotherms are based on each
shale’s TOC and clay content. Dashed lines show the individual contribution from MC, AC, and IL.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.1c03723
Energy Fuels 2022, 36, 3443−3456

3450

https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03723?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03723?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03723?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03723?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


approximately 3, a value that is larger than the CO2/CH4 ratio
of 2 obtained for the more thermally mature shales (LG4 and
ML).
Figure 4 shows alongside the experimental data the model-

predicted excess adsorption isotherms (solid lines). These have
been obtained by the weighted sum of the lattice DFT
isotherms of illite (IL), as the surrogate for clay pore surfaces
in shale, and of mesoporous carbon (MC) and/or activated
carbon (AC), as the surrogates for organic pore surfaces in
shale. This analysis is predictive, because it uses only the shale
composition (clay content and TOC, see Table 1) to
individually scale these reference isotherms. To our surprise,
there is a very good agreement between the experiments and
the model predictions, considering that the shales show varied
composition in terms of TOC and clay content and feature
distinct adsorption strength for both CO2 and CH4. We note
that the carbon surface in LG4 is represented by an AC:MC
ratio of 1:4, which was required to prevent the underestimation
of the excess amount adsorbed observed when using MC as the
sole surrogate organic-rich surface. AC represents a more
microporous carbon, which also shows a higher surface
interaction energy.50 Here, we have interpreted these proper-
ties as being features of a thermally mature shale.
In Figure 4 are also shown the individual contributions of

the scaled pure carbon(s) and illite isotherms. For LG4, the
carbon surface clearly dominates the overall adsorption
behavior for both CO2 and CH4. For ML and B6, the
contribution of the clays to the adsorption of both adsorbates
has increased, albeit it remains smaller than the one imparted
by the carbon surface. However, at very low bulk densities (ρb
< 1 mol/L), the clays control by and large the adsorption
process, as indicated by the crossing of the MC and IL
isotherms for CO2. For the organic-lean B8 sample, the
situation is reversed, with IL contributing the most to the

adsorption isotherm for both CO2 and CH4. These
observations confirm by and large the trends discussed in the
previous section (Textural Characterization of Shale),
providing an important verification of the proposed “kernels”
to predict supercritical adsorption in shale. The isotherm plots
shown in Figure 4 clearly demonstrate the benefits of explicitly
accounting for distinct carbon and clay surfaces in the hybrid
lattice DFT model. In fact, AC, MC, and IL feature distinct
isotherm shapes, and only their combination leads to an
accurate representation of the shale isotherm. As such, the
measurements with CO2 represent a key element in the
application of the approach proposed here, because of the
manifestation of pore-dependent adsorption behaviors at near-
critical conditions.

6. DISCUSSION
The benefit of a model-predictive approach to supercritical gas
adsorption on morphologically and chemically heterogeneous
adsorbents, such as shales, cannot be underestimated, as the
high-pressure adsorption experiments are very involved and
time-consuming. The results presented in this study show that
micro-/mesoporous carbons and source clays can be used as
surrogates for the organic and clay surfaces of shale. Isotherms
measured on these materials can be used as “kernels” and
combined in a proportion that reproduces the shale’s clay and
TOC content to build a composite adsorption isotherm. In this
study, the analysis was limited to adsorption isotherms
measured at 40 °C, but the model can be readily used at
other temperatures, because temperature is represented
explicitly in the Ono-Kondo lattice equations. Moreover,
while both lattice adsorbate−adsorbate and adsorbate−
adsorbent interaction parameters do not depend on temper-
ature, the so-called saturation factor in eq 1 does. We have
previously shown that this parameter has a linear relationship

Figure 5. (a) Pore size distribution (up to 50 nm) obtained from the Ar (87 K) and CO2 (273 K) adsorption data using the NLDFT and GCMC
models for all shales. (b) Discretized PSD representing the PSD of the shales. The bars represent a combination of the discretized PSD obtained
from the lattice DFT model applied to MC (blue bars), AC (orange bars), and IL (yellow bars). The selected pore sizes correspond exactly to the
pore sizes from Figure 2. The volume assigned to each bar is also based on the same idealized adsorbents but is scaled using three scaling factors:
w0, representing the TOC fraction in the shale; wc, indicating the clay content of the shale; and t, which denotes the fraction of AC (as a
representative of the elevated interaction with the organic material) to be used in the discretized PSD. The dual-colored bar at 2 nm includes
contributions from both AC and IL. The example PSD shown is for LG4, where w0 = 0.078, wc = 0.21, and t = 0.25.
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with the reciprocal temperature for both clays and carbons,50,51

suggesting that the approach presented in this study may also
have predictive validity. In the following, we extend this
analysis to obtain a representative pore size distribution for
shales, purely based on the surrogate surfaces used in the prior
section. For each shale play considered in this study, we also
carry out an assessment of the expected gas-in-place by using
the experimental and modeling results.
6.1. Representative Pore Size Distribution for Shales.

Figure 5a shows the PSDs of the four shale samples that have
been used in the supercritical CO2 and CH4 adsorption study
presented in the previous section. These data have been
derived from the subcritical Ar and CO2 isotherms and feature
a diverse range of pore sizes. It can be seen that the four shale
samples possess a similar PSD, featuring two distinct peaks at
approximately 0.6−0.8 nm (micropores) and 4−6 nm
(mesopores), respectively. The distributions are also charac-
terized by a distinctive shoulder at 1−2 nm. Above 50 nm (not
shown in the figure), the PSD is effectively identical for the
four materials. In more quantitative terms, there is an obvious
trend in the peaks’ heights associated with micro- and
mesopores in the order LG4 > ML > B6 > B8. Notably, this
is also the order of decreasing pore volume (in both micro- and
mesopore classes) and of decreasing TOC in each shale. It is
worth noting that these PSDs have been obtained by applying
pore-scale adsorption model kernels, which have been
developed for synthetic material classes and pore geometries
(i.e., carbon slit pores or silica cylindrical pores, but not their
combination). Their application to shales might result in
textural properties that deviate from physical reality, because
this conceptualization may oversimplify the surface properties
of shale. Methods are needed that evaluate and possibly
validate the reliability of these predictions, as discussed in the
following.
The good agreement between the experimental supercritical

adsorption isotherms presented in Section 5.2 and predictions
by the hybrid lattice DFT model suggests that the discretized
PSD used by the latter provides for a good representation of
the shale’s PSD. This discretized PSD is shown in Figure 5b
and includes cylindrical pores of diameter Dp = [1.2, 2, 4.4, 8.4,
11.6] nm (blue and orange bars, representing pore classes in
MC and AC) and slit pores of width Wp = [1.6, 2, 12.4, 19.2,
36.4] nm (yellow bars, representing pore classes in IL). The
brown bar at 2 nm signifies the representation of this pore class
by both slit (IL) and cylindrical (AC) pores. This PSD can be
considered as universal, but the contribution of each pore class
will change depending on the shale’s thermal maturity, TOC,
and clay content, as indicated by the label adjacent to each bar.
The example shown in Figure 5b represents sample LG4.
Three scaling factors have been used: (i) w0, the TOC (wt %)
in the shale; (ii) wc, the clay content (wt %) in the shale; and
(iii) t, the fraction of w0 that is accounted for by AC, as a proxy
for a thermally mature shale (1 − t represents, therefore, the
MC fraction). In general, it can be seen that the discretized
PSD does capture the dominant features (peaks) present in the
data obtained from the interpretation of the subcritical
adsorption measurements. We note the systematic shift toward
larger pore diameters of the PSD used by the lattice DFT
model, particularly for the micropores (Dp ≤ 2 nm). This is
due to the fact that, in the lattice model, pore sizes can only be
exact integers of the assumed molecule size (d = 0.4 nm), and
that the smallest pore size that can be considered is L = 2d.

Table 3 provides a comparison between the total pore
volume predicted by the method described above (eq 3) and

the one extracted from the subcritical adsorption experiments
(Table S2) for the four shale samples. Overall, there is a good
agreement between the two sets of data. Notably, the hybrid
lattice DFT approach preserves the trend observed exper-
imentally, where the total pore volume decreases in the order
LG4 > ML > B6 > B8. This result is noteworthy, considering
that the shale samples differ substantially in their TOC (1−8
wt %) and total pore volume (0.02−0.05 cm3/g). As such, this
discretized PSD may prove to be useful for the analysis of any
shale, even outside this study.

6.2. Gas-in-Place. The gas-in-place (GIP) serves as a
useful means to quantitatively asses the economic potential of a
shale play. It directly quantifies the amount of CH4 that can be
recovered or the amount of CO2 that can be stored in a shale
reservoir as a function of pressure. The ability to estimate this
measure directly from experimental excess adsorption data or
through a suitable adsorption model would prove beneficial to
explore strategies for an optimized reservoir exploitation.9 The
GIP [mSTP

3 /m3] can be calculated using the following
expression:

ρ
ρ ϕ ϕ ρ= = + −G nGIP

1
( (1 ) )t

sc
b

ex
sk

(4)

where ρsc is the gas density at standard conditions (ρsc =
44.135 mol/mSTP

3 for CH4 and ρsc = 44.326 mol/m3 for
CO2

58), ϕ is the reservoir porosity, ρb [mol/m3] is the gas bulk
density, nex [mol/kg] is the excess amount adsorbed, and ρsk
[kg/m3] is the skeletal density of the shale. The first term in eq
4 represents the volumetric free gas in the reservoir, and the
second term describes adsorption.9 Both terms depend on the
bulk density of the gas, albeit in different ways. Material
balance calculations for primary recovery use a graphical
approach, where the volume of gas produced (Gp) is plotted as
a function of P/Z (= ρbRT, where R and T are the universal gas
constant and temperature, respectively, and Z is the gas
compressibility). Mathematically

= −G G GIPp t,0 (5)

where Gt,0 is the original GIP (OGIP), obtained at P/Z = 0. In
Figure 6a are shown the Gp − P/Z curves for the four shales
considered in this study. For these calculations, we have
assumed a reservoir porosity, ϕ = 5%, while the skeletal density
for each shale, ρsk = 2.6−2.7 g/cm3, is based on the helium
measurement (the exact values can be found in Table S3). The
symbols refer to results obtained by using the experimental
adsorption data described in Section 5.2 (T = 40 °C), which
have been restricted here to below 200 bar to facilitate
comparisons among the shales. The dashed lines solely
represent the volumetric free gas component in eq 4, while
the solid lines are obtained upon describing the adsorption

Table 3. Total Pore Volume Estimated by Physisorption
Measurements and Predicted by the Hybrid Lattice DFT
Model for Each Shale

shale experimental [cm3/g] predicted [cm3/g]

LG4 0.050 0.049
ML 0.042 0.050
B6 0.020 0.028
B8 0.020 0.016
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term by the hybrid lattice DFT model results discussed
previously. Again, the lattice DFT model describes the
experimental production curves with satisfactory accuracy.
The shales’ OGIP decreases in the following order: LG4

(20.0 mSTP
3 /m3) > ML (17.8 mSTP

3 /m3) > B8 (11.3 mSTP
3 /m3) >

B6 (11.0 mSTP
3 /m3)reproducing the same trend observed for

the strength of adsorption (Figure 3g). For a volumetric gas
reservoir (no adsorption, dashed lines), the Gp−P/Z curves are
straight lines, and the OGIP reduces substantially. For the
organic-rich shales (LG4, ML), this reduction can be as high as
50%. We also note that the largest contribution of adsorption
to gas production is observed for P/Z values smaller than
approximately 50 bar; above this threshold, gas production
may actually be less than estimates obtained by assuming a
volumetric gas reservoir (the solid lines are below the dashed
lines). The reason for this is that at such elevated pressures
simple gas compression leads to greater storage than
adsorption alone.9

Figure 6b shows the GIP curves for a situation where CO2 is
injected into a depleted reservoir. By assuming a maximum
pressure of 260 bar, the following estimates for the storage
potential of each shale are obtained: 30.3 mSTP

3 /m3 (LG4),
26.3 mSTP

3 /m3 (ML), 23.3 mSTP
3 /m3 (B6), and 25.7 mSTP

3 /m3

(B8). These values are substantially larger than those obtained
for CH4, because CO2 has a larger density and adsorbs more
strongly than CH4 (at equivalent P/Z). Again, the lattice DFT
model (solid lines) describes the experimental storage curves
(symbols) with satisfactory accuracy. Adsorption contributes
to gas storage from the outset (P/Z > 0), with the curves
deviating substantially from the case of a volumetric reservoir
with the same porosity (dashed line). With increasing pressure
(P/Z > 200 bar), the densification of bulk CO2 becomes more
dominant, and the curves approach the behavior of the
volumetric reservoir (nex ≈ 0). The analysis presented in this
section demonstrates that the use of the hybrid lattice DFT
model can be extended to the evaluation of shale plays, by

producing estimates of GIP and storage potential. In this
context, the approach introduced in this study that uses
surrogate surfaces may prove to be a practical and efficient
method for a first appraisal of a particular shale’s economic
potential.

7. CONCLUSION
We have presented a hybrid pore-scale model to describe
supercritical adsorption of CO2 and CH4 in shale. The model
is based on the lattice density functional theory (DFT) and
incorporates the distinct pore morphologies (slit or cylindrical
pores) and surface chemistries (carbon or clay) that exist
within shale. The shales studied in this paper come from the
Bowland (UK), Marcellus (USA), and Longmaxi (China)
formations. The surrogate surfaces used (mesoporous carbon/
activated carbon and illite) are representative of the total
organic content and the total clay content in shale, respectively.
The model is parametrized by calibration against these
reference materials, and its application to describe exper-
imental shale adsorption data is purely predictive, solely
utilizing the shale’s composition. This proposed workflow is
particularly advantageous from a practical perspective, as it
minimizes the need for time-consuming and challenging high-
pressure adsorption experiments. The textural characterization
undertaken as well as the high-pressure adsorption experiments
firmly suggest a strong dependency of adsorption capacity on
the TOC. Clays do also participate in the gas adsorption
process, particularly at elevated clay content, but their
contribution is more difficult to unravel. Through the model,
we have identified a representative discretized pore size
distribution that includes both micro- and mesopores. Again,
the exact contribution of each pore class depends on the shale’s
composition, meaning that it can be readily applied to any
other shale. The ability to identify characteristic pore-scale
properties, including size, morphology, and surface chemistry,
provides useful information for future in-depth molecular

Figure 6. (a) Volume of CH4 produced (Gp) as a function of P/Z at 40 °C for the four shale samples considered in this study. The assumed initial
reservoir pressure is 186 bar (LG4, B8), 191 bar (ML), and 173 bar (B6). (b) CO2 storage potential, Gt, as a function of P/Z for each shale at 40
°C for an injection pressure up to 260 bar. Dashed lines represent the volumetric free gas, and the symbols denote data calculated from the excess
adsorption measurements. Solid lines represent Gp (CH4) or Gt (CO2) calculated from the modeled lattice DFT adsorption isotherms.
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simulation studies. In this study, the use of the hybrid lattice
DFT model has been extended to generate estimates of gas-in-
place and gas storage potential. As such, the approach
introduced in this study that uses surrogate surfaces may
prove to be a practical and efficient method for a first appraisal
of a particular shale’s economic potential.
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■ NOMENCLATURE

Symbols
csat = saturation factor
d = diameter of a lattice site
Dp = diameter of a cylindrical pore
εff = adsorbate−adsorbate interaction energy
εsf = adsorbate−adsorbent interaction energy
Gt = gas-in-place
Gp = cumulative amount of gas produced
Gt,0 = OGIP
Jk = number of layers in pore class k
K = number of pore classes
nex = excess adsorbed amount

ncyl
ex = excess amount adsorbed for cylindrical pores
nslit
ex = excess amount adsorbed for slit pores
ϕ = porosity
P = pressure
Pc = critical pressure
ρb = bulk fluid density
ρc = critical density
ρj = density in layer j
ρmax = maximum lattice density
ρsc = density of the fluid at standard conditions
ρsk = skeletal density
R = universal gas constant
t = fraction of AC
T = temperature
Tc = critical temperature
νmic = micropore volume
νmes = mesopore volume
νtot = total pore volume
νp,k = pore volume of pore class k
wc = weight fraction of clay
w0 = weight fraction of organic matter
Wp = diameter of a slit pore
Z = fluid compressibility

Acronyms
AC = activated carbon
B_ = Bowland shale
CM = clay minerals
DFT = density functional theory
GIP = gas-in-place
GCMC = Grand Canonical Monte Carlo
IL = illite
LDFT = lattice density functional theory
LG = Longmaxi shale
MC = mesoporous carbon
ML = Marcellus shale
MSB = magnetic suspension balance
NLDFT = nonlocal density functional theory
OGIP = original gas-in-place
OM = organic matter
PSD = pore size distribution
SSA = specific surface area
TOC = total organic carbon
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