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hane adsorption measurement on
shale using the isotherm modelling aspect

Aminah Qayyimah Mohd Aji, *ab Dzeti Farhah Mohshim,a Belladonna Mauliandac

and Khaled Abdalla Elraeisa

In shale gas reservoirs, adsorbed gas accounts for 85% of the total shale gas in place (GIP). The adsorption

isotherms of shale samples are significant for understanding the mechanisms of shale gas storage, primarily

for assessing the GIP and developing an accurate gas flow behaviour. Isothermal adsorption experiments

primarily determine the adsorption capacity of methane in shale gas reservoirs. However, experimental

data is limited due to the heterogeneous properties of shale and extreme reservoir conditions at high

pressures and temperatures. This work discusses the effect of total carbon (TOC), pore size distributions,

and mineralogical properties on adsorption capacity. In this study, the gravimetric adsorption isotherm

measurement method was applied to obtain the adsorption isotherms of methane on four shale core

samples from Eagle Ford reservoirs. Four shale core samples with TOC of 9.67% to 14.4% were used.

Adsorption experiments were conducted at a temperature of 120 �C and to a maximum pressure of

10 MPa. The data obtained experimentally were compared with adsorption isotherm models to assess

each model's applicability in describing the shale adsorption behaviour. A comparison of these models

was performed using fitting and error analysis. It was observed that the calculated absolute adsorption of

supercritical methane is higher than the excess adsorption. The percentage of differences between the

absolute and excess adsorption is more significant at a pressure higher than the critical methane

pressure of 9.6%. Sample EF C has the highest adsorption capacity of 1.308 mg g�1, followed by EF D

1.194 mg g�1, EF B 0.546 mg g�1, and EF A 0.455 mg g�1. Three statistical error analyses, average relative

error (ARE), the Pearson chi-square (c2) test and root mean square error (RMSE) deviation were used to

assess the applicability of each model in describing the adsorption behaviour of shale samples. The order

of adsorption isotherm fitting with experimental data is Toth > D–R ¼ Freundlich > Langmuir. Error

analysis shows that the Toth model has the lowest values compared to other models, 0.6% for EF B,

2.5% for EF C, and 2.2% for EF A and EF D, respectively.
1 Introduction

In the last few decades, the global energy landscape has shied
dramatically. The expanding economies are responsible for the
rapidly increasing need for energy sources. As a result, energy
consumption rises in tandem with economic expansion and the
availability of new energy sources.

In 2016, fossil fuels made up 85% of world energy demand,
with oil (33%), coal (28%), and natural gas (24%) making up the
top three rankings.1 However, in recent years, natural gas
production has grown remarkably, with over 2.6% average
annual growth rate over the past ten years compared to other
fossil fuels such as oil at 1.3% and coal at 0.8%.2 The surge in
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natural gas production was driven by unconventional gas
resources such as shale gas.

Shale gas is the fastest-growing natural gas resource in the
United States and worldwide. According to the Energy Infor-
mation Administration (EIA), in 2019, the estimates of proved
reserves in the United States account for 495.4 tcf.3 The rapid
increase in natural gas production from shale formations
resulted from advanced extraction technology such as hydraulic
fracturing and horizontal drilling.4

Shale gas is the natural gas trapped within shale formations.5

Shales are ne-grained (<62.5 mm) sedimentary source rocks
with complex mineralogy consisting of organic and inorganic
matters.6 Consequently, shale reservoir is heterogeneous and
inuenced by the shale environment's climate, deposition, and
diagenesis.7,8

Unlike conventional reservoirs, shale has low porosity (less
than 10%) and low permeability (nanoDarcy) due to the complex
microstructures and pore systems.9–12 As a result, porous shale
media predominantly consists of interparticle (between mineral
© 2022 The Author(s). Published by the Royal Society of Chemistry
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particles), intraparticle (within mineral particles), and organic
pores, with diameters ranging from nanometre to micrometre.13

The natural gas in shale is stored in three ways: free gas;
within the rock pores and natural fracture, as adsorbed gas;
primarily on organic materials and clay, and as dissolved gas; in
the organic materials.14–16 In shale gas reservoirs, the adsorbed
gas made up 20–85% of total gas capacity, with methane as the
signicant gas composition.10

Gas adsorption in organic-rich shale is a comprehensive
process controlled by various factors. Due to the complex and
heterogeneous characteristics owned by the shale matrix,
quantifying the weight of each element is challenging. Never-
theless, understanding shale adsorption behaviour is critical for
determining the gas in place (GIP) and predicting accurate gas
ow behaviour, particularly during production.
1.1 Adsorption in shale

Adsorption in shale formation occurs through the physical
adsorption process or “physisorption”.17 The gas molecules
adhere to the shale surface by the van der Waals forces. Hence,
the adsorption strongly depends on methane and shale surface
properties along with pressure and temperature.18 Adsorption
in shale is controlled by the geochemical characteristics,
mineralogical composition, pore structures, and reservoir
conditions (pressure and temperature).19–22 In shale gas reser-
voirs, methane adsorption generally occurs at high temperature
and pressure, higher than critical methane temperature at
190.55 K and pressure at 4.59 MPa, indicating that methane in
shale behaves as supercritical uid.23

The adsorption phenomenon of methane on shale surfaces
has been described experimentally, including monomeric,
volumetric, and gravimetric methods. These methods con-
structed the adsorption isotherms and evaluated methane
adsorption capacity.23 Numerous experimental results for
methane and shale adsorption isotherms have been reported,
describing the properties governing the adsorption capacity in
shale.16,21,24–31 The shale organic matter is associated with the in
situ generation of hydrocarbons within shale.32 Commonly
organic matter in shale is denoted by the total organic carbon
(TOC) content. Large amounts of methane are adsorbed on
nanopores within organic matter in shale. The presence of
organic matter in shale increases porosity and imparts anisot-
ropy, thus facilitating adsorption.16

A positive correlation between the TOC and methane
adsorption capacity of shale has been observed in previous
studies that have been conducted.16,25,33,34 In their work, Ross
and Bustin (2009) indicated that methane adsorption in Devo-
nian shale linearly increases with the TOC, citing that the
organic fraction is a primary control of the adsorption.34 In
other work, the micropore volume of Lower Silurian shale
increased linearly with TOC content, depicting TOC as the
critical factor in controlling the micropore structure.35 These
micropores are vital for porous media, providing high surface
areas and greater adsorption energies.16

Other than organic matter, shale also contains clay minerals.
Jin and Firoozabadi (2014) observed that adsorption also occurs
© 2022 The Author(s). Published by the Royal Society of Chemistry
on clay surfaces.36 The adsorption of methane is related to clay
interactions, and the cation exchange in clay is the main
contribution toward adsorption. However, further ndings
indicate that the hydrophilic nature of clay minerals absorbs
the water molecule lling pore throats, thus reducing the
available adsorption site for methane molecules.37,38 Li et al.
(2015) conducted a study based on a parallel experiment to
determine the key factors governing the adsorption capacity of
shale, exhibiting a stronger positive linear correlation with TOC
compared to other parameters.26

However, most of the experiments conducted did not repli-
cate shale conditions. Shale formations' depths are more than
3000 m, with an average reservoir temperature of more than
100 �C and pressure higher than 27 MPa.22,39 Furthermore, due
to the limitations of methane adsorption instruments, there is
limited data for the study, challenging an accurate methane
adsorption mechanism for shale. Some researchers used
a molecular simulation approach to simulate methane behav-
iour in shale. However, most simulations were simplied, and
homogenous pore structures do not represent the heterogenous
properties of shale.22 Due to the complex characteristics of
shale, the adsorption isotherms measurements were always
coupled with an empirical equation called the adsorption
isotherm model for accurately describing the adsorption
behaviour of methane in shale.
1.2 Adsorption isotherm model

The adsorption isotherm is a measurement that determines the
adsorption capacity of gas or liquid on a solid surface at varying
pressure and a constant temperature. Adsorption isotherm
provides information on the maximum amount of gas adsorbed
on porous shale surfaces.40 The adsorption isotherm model
generated based on the gas adsorption on the solid surface
based on several theoretical assumptions has been used to
depict the adsorption behaviour of methane with shale.23,41–44

The adsorption isotherm model is an essential part of the
studies and is used in shale gas reservoir simulators to forecast
reservoir production.42,45

Adsorption isotherm models can mainly be divided into
monolayer adsorption models (Langmuir and Freundlich
isotherm models), multilayer adsorption models (Toth
isotherm model), and pore-ling models (Dubinin–Radushke-
vich (D–R) isotherm model)46 The description of each model is
further explained below.

Langmuir isotherm model. The Langmuir isotherm is the
most prominent and widely applied equation to describe
adsorption equilibrium. Langmuir isotherm explains the
increasing surface occupancy as a function of pressure until the
entire surface area is coated with a single layer of molecules and
no further adsorption can occur.47 Langmuir's model can be
shown in the following form eqn (1),48

q ¼ qmKLP

1þ KLP
(1)

where q is the adsorbed amount under equilibrium temperature
and pressure, qm is the maximum adsorbed capacity, P is the
RSC Adv., 2022, 12, 20530–20543 | 20531
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adsorption pressure (MPa), KL is the Langmuir constant (L
mg�1).

Langmuir isotherm model has been used regularly to model
methane adsorption in coal and shale reservoirs.49–53 Commer-
cial reservoir simulators employed the Langmuir isotherm to
generate the shale gas phase behaviour and gas production
models.54–58 However, this model has shown limitations in
predicting the adsorption isotherm of methane with shale,
especially at high pressure and temperature, which resulted
from the theoretical assumptions of homogenous and
isothermal assumptions.59,60 Therefore, evaluating the perfor-
mance of different adsorption models for methane adsorption
in shale is essential.

Freundlich isotherm model. The Freundlich model is an
empirical equation describing gas phase adsorption on the
surface of the solid adsorbent and pressure.61 Freundlich
isotherm model has been employed to characterise the
heterogeneity of the adsorbent surface.23,44,62,63 The equation is
described in eqn (2).

q ¼ kFp
1
n (2)

where kF is dened as the Freundlich isotherm constants
related to adsorption capacity (mg g�1), n is the adsorption
intensity, and P is the adsorption pressure (MPa).

Toth isotherm model. Toth isotherm model is another
empirical model equation that uses the power function of the
relation between adsorption capacity and the adsorption
potential of the adsorbent surface.64 This model derives from
the adsorption potential theory, generally used to describe
heterogeneous adsorption.48 Toth isotherm model is described
in eqn (3).

q ¼ KTP

ðaT þ PÞ1=t
(3)

where q is the adsorbed amount (mg g�1), meanwhile kT, aTt is
dened as the Toth isotherm constants, and P is the adsorption
pressure (MPa).

Dubinin–Radushkevich (D–R) isotherm model. This model
is derived from Polanyi adsorption potential theory, based on
the assumption that the adsorption process was related to
micropore volume ling instead of molecular-layer adsorption
on pore walls.65 Literature has shown that the D–R model has
been used to estimate shale gas's high-pressure methane
adsorption capacity and has demonstrated its consistency with
the calculations based on micropore volumes.66–69 The D–R
equation is expressed as follows eqn (4);70

q ¼ qs exp{�kad3
2} (4)

where q is the adsorbed amount under equilibrium temperature
and pressure, qs is the theoretical isotherm saturation capacity
(mg g�1), kad is D–R isotherm constant (mol2 kJ�2), and 3 is D–R
isotherm constant. The parameter 3 can be correlated as eqn (5);

3 ¼ RT ln

�
1þ 1

P

�
(5)
20532 | RSC Adv., 2022, 12, 20530–20543
where P is the pressure (MPa), R is the ideal gas constant
(0.008314 kJ (mol�1 K�1)), and T is the temperature (K).
1.3 Motivation for the study

High-pressure methane adsorption studies have found a posi-
tive correlation between the adsorption capacity and shale's
total organic content (TOC). Organic matters hold a huge
volume of micropores with a relatively large surface area, thus
facilitating gas adsorption. Many studies have demonstrated
that the TOC of gas-bearing shales in the United States varies
signicantly among different bed layers and basins, from 1.5%
to 25%.71 The TOC content varies widely among shale reservoirs
and within a formation itself.

However, to date, discussion on the effect of TOC on the
adsorption capacity of shale is relatively inadequate. As a result,
the research on methane adsorption at high temperatures is
minimal, becoming one of the driving forces behind this study.
Furthermore, research into proper adsorption isotherm model
tting methane at different TOC levels is currently lacking.

This paper compares empirical isotherm models with
experimental gravimetric measurements on four Eagle Ford
shale samples with different TOC. Four adsorption isotherm
models are compared statistically to present the specic char-
acteristics of each model. This comparison shows the best
adsorption isotherm models, especially for shale gas engi-
neering uses.
2 Adsorption isotherm
measurements
2.1 Materials

Four shale samples were retrieved from the Eagle Ford shale
formations in Texas, United States, with an average reservoir
temperature of 120 �C. Methane gas with purities of 99% was
used to avoid any uncertainty in the measurements due to the
gas impurity.
2.2 Shale core samples characterisation

Shale samples were characterised to determine their total
organic carbon (TOC) content, chemical compositions, miner-
alogical compositions, pore size distribution, and specic
surface area (SSA). The TOC measurements were conducted
using the TOC analyser. The instruments determined the
organic and inorganic carbon content through the amount of
CO2 released during the combustion.72

The mineralogical constituents of the shale core samples
were characterised using the X-ray diffraction (XRD) instru-
ment. The measurements were conducted with scattering
angles 2q, between 5� and 75� with a step size of 0.05� s�1 using
CuKa radiation (l ¼ 1.54 Å).73

The low-pressure nitrogen (N2) adsorption–desorption was
used to obtain the shale pore systems at 77 K (�196 �C). The
core samples specic surface area and pore size distribution
were calculated using Braunauer–Emmet–Teller (BET) and
Barrett–Joyner–Halenda (BJH).74,75
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Elemental analysis of organic matter was performed using
a Shimadzu FTIR microscope in the ATR and KBR mode. The
spot size for all measurements was 100 � 100 mm. The spectral
window ranged from 700 to 4000 cm�1, with a resolution of
4 cm�1. FTIR spectra were baseline-corrected, the absorption
band intensity was normalised before use in model develop-
ment or property prediction, and no pre-treatment was per-
formed prior to measurement. Infrared spectra were used to
estimate the amount of organic matter by looking at the C–H
and C–C stretches of aliphatic and aromatic carbon.
2.3 Gravimetric adsorption isotherms measurement

The high-pressure adsorption isotherm experiments were con-
ducted by using the gravimetric adsorption instrument. The
adsorption test for all samples was carried out at maximum
pressure of 10 MPa and a temperature of 120 �C. The excess
adsorption amount was obtained following eqn (6).

qe ¼
�
mt � rgVfree

�
Vm

ms

(6)

where qe (mg g�1) is the excess adsorption capacity, mt is the
total mass of methane adsorbed (mg), ms mass of the shale
samples (mg), rg is the bulk density of methane, Vfree is the void
volume, and Vm is the methane molar volume at the standard
condition.

Experimentally, the adsorption quantity measured was the
excess adsorption quantity called Gibbs's excess adsorption.30

Thus, it is necessary to convert the excess values to absolute
adsorption (qm) before tting the experimental value with the
adsorption isotherm. Therefore, the following equation was
used to get the qm based on the experimental measurements.
Absolute adsorption isotherms were expressed in the functions
of Gibbs excess adsorption isotherms as follows (eqn (7)):

qabs ¼ qe

��
1� rgas

rads

�
(7)

where qe is the surface excess adsorption amount, qabs is the
absolute adsorption amount (mg g�1), rgas is the density of free
gas (g cm�3), and rads is the density of adsorbed gas (g cm�3).
The rgas is calculated from the National Institute of Standards
and Technology (NIST). Foremost, the value of the adsorbed gas
density (rgas) is required to calculate the value of absolute
adsorption. In this work, the liquid methane density is
considered as the rads taken as 0.421 g cm�3.
3 Model evaluation

The data obtained experimentally were compared with adsorp-
tion isotherm models to assess each model's applicability in
describing the shale adsorption behaviour. In addition, non-
linear regression and error analyses were carried out to
compare various adsorption isotherm models and identify the
best t for the experimental data. Both methods have been the
most feasible tools for expressing the best-tting relationship,
mathematically analysing the adsorption systems, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
validating an isotherm model's consistency and theoretical
assumptions.70

In this work, the experimental data were tted non-linearly
with different adsorption models, and the model parameters
were obtained. The Pearson chi-square (c2) test and root mean
square error (RMSE) deviation are two well-known statistics for
evaluating a regression model's goodness of non-linear t.
These statistics can determine whether the observed data
originated from an experiment in which the tted model is
accurate.

The c2 test statistic is the sum of the squares of the differ-
ences between the experimental data obtained from models,
with each squared difference divided by the corresponding data
obtained by calculating from models, the mathematical
expression of c2 shown in eqn (8).

c2 ¼
XN
i¼1

�
qexp � qiso

�2
qiso

(8)

qexp and qiso are the equilibrium capacity (mg g�1) obtained
from the experiment and isotherm model. A small c2 value
indicates its similarities, while a more signicant number
represents the variation of the experimental data.

The RMSE is the standard deviation of the prediction values
with the observed value. The residuals measure how dispersed
these residuals are to the data points on the regression line.70,76

The RMSE is expressed as eqn (9).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m

Xm
i¼1

�
qiso � qexp

�2s
(9)

In this work, we considered the average relative error (ARE)
to evaluate the disagreement between the model tted of
absolute adsorption with the experimental results (eqn (10)).

ARE ¼
100�PN

i¼1






qexp � qiso

qexp







N

(10)

where qexp is adsorption value obtained through experiments
measurement, while qiso is the value calculated through
adsorption models.

4 Discussion
4.1 Shale core samples characterisation

The results of shale sample characterisations are listed in Table
1. The TOC values obtained for sample EF C are 14.4%, sample
EF D is 10.7%, sample EF A is 10.4%, and sample EF B is 9.69%.
The pore size distribution and SSA were obtained using the BET
and BJH equation from the low-pressure nitrogen adsorption
measurement. Fig. 1 shows the graphs obtained from the
measurement. The pore size distribution curves display the
unimodal distribution, with the peak at approximately 2–10 nm
for all samples. As illustrated in Fig. 1(b), it was revealed that
pores with widths between 2 and 20 nmmainly contribute to the
total pore volumes. According to the International Union of
Pure and Applied Chemistry (IUPAC) classication, pore sizes
RSC Adv., 2022, 12, 20530–20543 | 20533
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Table 1 TOC, SSA, and pore size distribution in Eagle Ford shale samples

Samples TOC (%)
BET surface
area (m2 g�1)

BJH adsorption cumulative
pore volume (cm3 g�1)

Average pore
width (nm)

EF A 10.4 0.867 0.003345 16.305
EF B 9.7 0.833 0.001487 5.766
EF C 14.4 1.042 0.001567 6.019
EF D 10.7 0.936 0.002142 18.305

Fig. 1 (a) The low-pressure nitrogen adsorption–desorption isotherms for the shale samples, (b) BJH pore size distributions for Eagle Ford shale
samples.
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with widths between 2 nm and 20 nm are classied as meso-
pores.77 This result is consistent with ameasurement conducted
by Ojha et al. (2017) on Eagle Ford shale (Fig. 2).78

The SSA of each sample shows that EF C has the largest
surface area with 1.1042 m2 g�1, followed by EF D (0.9360 m2

g�1), EF A (0.8674 m2 g�1), and EF B with 0.8326 m2 g�1. The
shale samples have abundant nanopores, and most pores are in
organic matter. Organic matter provides a huge SSA, creating
a favourable condition for adsorption. The SSA also positively
correlates with TOC (Fig. 3), creating favourable gas adsorption
and storage conditions.

The XRD results show that calcite is the dominant mineral in
all samples. The mineral distributions in all the samples are
shown in Fig. 3. For example, sample EF C has the highest
calcite minerals with 63.6%, quartz with 19.2%, feldspar and
clay with 3% and 9.2%. These ndings followed the previous
results on Eagle Ford mineral deposition. The Eagle Ford is
a carbonate-rich shale hydrocarbon play where mineralogy
Fig. 2 Mineral compositions of Eagle Ford shale samples.

20534 | RSC Adv., 2022, 12, 20530–20543
based on XRD consists of; 40–60% calcite, 10–30% quartz, and
clays with less than 20%.79

The XRD results show that calcite is the dominant mineral in
all samples. The mineral distributions in all the samples are
shown in Fig. 3. For example, sample EF C has the highest
calcite minerals with 63.6%, quartz with 19.2%, feldspar and
clay with 3% and 9.2%. These ndings followed the previous
results on Eagle Ford mineral deposition. The Eagle Ford is
a carbonate-rich shale hydrocarbon play where mineralogy
based on XRD consists of; 40–60% calcite, 10–30% quartz, and
clays with less than 20%.79
4.2 Adsorption isotherms measurements

Excess and absolute adsorption. The measured adsorption
isotherm of supercritical methane on the four shale samples is
presented in Fig. 4. The gure shows that the calculated abso-
lute adsorption of supercritical methane is higher than the
excess adsorption. This observation indicates that the excess
Fig. 3 Correlations between the TOC and SSA (m2 g�1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The measured excess and absolute adsorption of shale samples.
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adsorption underestimates the in situ adsorption. The value
differences between the absolute and excess adsorption enlarge
at higher pressure, more apparent aer the methane critical
pressure of 4.59 MPa. To make a comparison, we chose to look
at the percentage of each sample's deviation at 3 MPa (below
critical pressure) and 8 MPa (above critical pressure).

The difference in absolute and excess adsorption percentage
deviations is much more signicant at 8 MPa than at 3 MPa for
all samples. The difference in adsorption capacity between
excess and absolute adsorption is 3.5% at 3 MPa and 9.6% at
8 MPa (Table 2).
Table 2 Comparison of absolute and adsorption capacity of shale
samples

Samples
Excess
(mg g�1)

Absolute
(mg g�1)

Difference
(%)

Adsorption capacity at 3 MPa
EF A 0.081 0.084 3.57
EF B 0.159 0.165 3.64
EF C 0.362 0.375 3.47
EF D 0.416 0.431 3.48

Adsorption capacity at 8 MPa
EF A 0.216 0.239 9.62
EF B 0.376 0.416 9.62
EF C 0.956 1.058 9.64
EF D 0.940 1.040 9.62

© 2022 The Author(s). Published by the Royal Society of Chemistry
The difference between the excess and absolute adsorption
capacity has been discussed in detail by the researchers.
Theoretically, the adsorption capacity obtained through exper-
imental measurements on porous media is called the Gibbs
excess adsorption. In the laboratory, adsorption measurements
cannot measure the actual adsorbed quantity. Under super-
critical conditions, molecules at an adsorption phase lose
translational kinetic energy due to the adsorption potential
while maintaining high rotational and vibrational kinetic
energy.80,81

Therefore, while having a quasi-liquid nature with a xed
molecular spacing, the adsorption phase molecules' gap is
slightly larger than liquid molecules at standard critical pres-
sure and temperature. As a result, the density of the supercrit-
ical adsorption phase should be greater than the critical
density. Consequently, the estimation of adsorption capacity
through experimental is not signicant to determine the same
adsorption capacity of supercritical methane on shale.

The difference between absolute adsorption capacity and
excess adsorption was more apparent at high pressure than at
lower pressure during isotherm measurement due to the low
bulk methane density at relatively low pressure. Thus, any tiny
deviations were negligible. However, a higher deviation was
observed from absolute adsorption at higher pressure at
a constant temperature.80

Adsorption capacity governing parameters. The adsorption
capacity is inuenced by the system pressure and the
RSC Adv., 2022, 12, 20530–20543 | 20535
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Table 3 TOC and maximum adsorption capacity of Eagle Ford shale
samples

Samples TOC (%)
Maximum adsorption
capacity (mg g�1)

EF A 10.4 0.341
EF B 9.69 0.546
EF C 14.4 1.307
EF D 10.7 1.148

Fig. 5 FTIR spectra of the shale samples.

Table 4 Adsorption isotherms fitting parameters

Models Fitting parameters

Samples name

EF A EF B EF C EF D

Langmuir qm 0.565 1.036 1.263 0.993
KL 0.086 0.078 0.316 0.531
R2 0.89 0.90 0.81 0.70

Freundlich KF 0.023 0.052 0.148 0.164
n 0.860 1.002 1.008 1.133
R2 0.99 0.96 0.99 0.94

Toth KT 0.443 0.620 0.364 1.533
aT 5.810 4.563 1.474 8.061
T 1.036 1.028 2.04 1.293
R2 0.99 0.99 0.99 0.99

D–R qs 0.370 0.595 1.365 1.005
kads 7.586 7.104 5.320 2.231
R2 0.92 0.84 0.92 0.76
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compositions of shale in constant temperature conditions.
Specically, the adsorption of methane increases as the pres-
sure increases. As illustrated in Fig. 4, almost all the shale
samples showed positive adsorption capacity correlations with
TOC content. For example, sample EF C has the highest
adsorption capacity with 1.307 mg g�1, followed by EF D with
1.194 mg g�1, EF B with 0.546 mg g�1, and EF A with 0.455 mg
g�1. The maximum adsorption capacity value and TOC are
tabulated in Table 3.

This correlation implied that the organic content is one of
the factors governingmethane adsorption on shales. It has been
stated that a higher TOC would contribute to a higher adsorp-
tion capacity.16,25,33,34 The presence of abundant micropores in
the organic matter would provide large SSA or sorption sites for
the adsorption.

However, in shale, the development of pores is inuenced by
the diagenesis and variation of shale compositions.82–85 There-
fore, this may explain the adsorption value found using EF A.
According to the literature, there was a positive correlation
between the adsorption capacity and TOC readings. However,
the discrepancies were observed with EF A being compared with
EF B and EF D. EF B has lower TOC and showed higher
adsorption capacity with approximately 0.2 mg g�1, and EF D
with TOC of 10.7% with 0.8 mg g�1 higher than EF A adsorption
capacity. The observation can be explained as follow.

Several studies on shale samples have shown that shale pore
is controlled by the thermal maturity and kerogen type.86

Thermal maturity denotes changes in the organic matter
through diagenesis when it is subjected to heating. Therefore,
vitrinite reectance (Ro, %) is a critical diagnosing tool for
assessing the thermal maturation of organic matter.

Ross and Bustin (2009), in their work with Devonian–
Mississippian shale, have found that samples with low TOC
(<4.9%) and thermally matured (1.6% < Ro < 2.5%) have higher
adsorption capacity compared to shales with high TOC (>4.9%)
and thermally immature (1.2% < Ro).34 The same observation
was reported in the study, where adsorption capacities on a TOC
basis increased with thermal maturity as thermal maturation
creates micropores in shale, causing the structural trans-
formation of the shale matrix.

Kerogen type is another important parameter controlling the
adsorption capacity in shale. The methane adsorption capac-
ities of kerogen increased according to the type of kerogen. The
adsorption capacity is the highest in Type III kerogen, followed
by Type II and Type I. The type of kerogen results from thermal
maturity. Due to thermal maturation, thermal decarboxylation
results in loss of CO2 from organic acids, n-alkyl fragments
20536 | RSC Adv., 2022, 12, 20530–20543
break off, and the residual kerogen evolves towards a more
condensed structure rich in aromatic and polyaromatic
groups.87,88 In their work, Zhang et al. (2012) stated that
aromatic-rich kerogens have a stronger affinity with methane
than kerogens with more aliphatic organic matter.16

FTIR spectroscopy was used to elucidate the molecular
structure of the kerogen by identifying the functional group of
kerogens and the types of bonding present. As shown in Fig. 5,
several absorption bands of functional groups for shale samples
were observed in this study, reecting the gross structure of
kerogen. In addition, absorption bands were identied by
comparison with published spectra.89–91

In this study, the estimated proportion obtained by visual
comparison of the peaks measured from 3000–2800 cm�1 is
related to the aliphatic C–H stretching region, and from 1700 to
1500 cm�1 is attributed to the presence of oxygen-containing
bonds C]O for oxygenated groups and aromatic/olenic
region. In addition, peaks were also observed at 1375–
1450 cm�1 indicating CH2 and CH3 bending modes and at 700–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Curve fitting results with the measured absolute adsorption of
methane on the Eagle Ford shale samples EF A using Langmuir,
Freundlich, Toth, D–R adsorption isotherms.

Fig. 8 Curve fitting results with the measured absolute adsorption of
methane on the Eagle Ford shale samples EF C using Langmuir,
Freundlich, Toth, D–R adsorption isotherms.
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900 cm�1 displaying the aromatic out-of-plane C–H bending
signals.

FTIR of spectra of kerogens with increasing maturity exhibit
increasing aromatic absorption (700–900 cm�1), decreasing in
aliphatic absorption (3000–2800 cm�1, 1375–1450 cm�1) and
decreasing in carbonyl and carboxyl absorption (1700 to
1500 cm�1). All the samples display low aliphatic C–H stretch-
ing band peaks in the 3000–2800 cm�1 region. Furthermore, it
is noteworthy that responses at regions 700–900 cm�1 for
aromatic stretching bands demonstrate the presence of organic
compounds. EF B samples possess relatively higher aromatic
compounds than other samples, which could correlate to the
observation of high maximum adsorption capacity compared to
EF A samples.
Fig. 7 Curve fitting results with the measured absolute adsorption of
methane on the Eagle Ford shale samples EF B using Langmuir,
Freundlich, Toth, D–R adsorption isotherms.

© 2022 The Author(s). Published by the Royal Society of Chemistry
4.3 Adsorption isotherms model evaluation

This study used four different adsorption isothermmodels to t
the absolute adsorption capacity obtained experimentally. The
tting parameters and error analysis for each isotherm model
with experimental data are shown in Table 4. The tting of each
isotherm model and experimental results are shown in Fig. 6–9,
and the error analysis is in Tables 4 and 5.

Each sample has a different effect on the performance of
each isotherm model. The c2, RMSE, and ARE error analyses
were conducted to analyse the feasibility of adsorption models
with experimental adsorption measurements. The ARE is uti-
lised as a major indication to assess the accuracy of the
Fig. 9 Curve fitting results with the measured absolute adsorption of
methane on the Eagle Ford shale samples EF D using Langmuir,
Freundlich, Toth, D–R adsorption isotherms.
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Table 5 Adsorption isotherms non-linear regression error analysis

Models Fitting parameters

Samples name

EF A EF B EF C EF D

Langmuir c2 0.001 0.004 0.015 0.042
RMSE 0.033 0.054 0.098 0.168
ARE (%) 1.90 13.3 10.7 8.8

Freundlich c2 0.001 0.001 0.008 0.007
RMSE 0.007 0.031 0.082 0.077
ARE (%) 2.2 2.8 8.70 4.02

Toth c2 0.001 0.004 0.017 0.015
RMSE 0.012 0.056 0.074 0.104
ARE (%) 2.2 0.6 2.5 2.2

D–R c2 0.001 0.005 0.016 0.033
RMSE 0.027 0.005 0.113 0.165
ARE (%) 4.4 8.5 4.0 1.4

Table 6 Order of error of isotherm model with experimental data

Samples Order of error of isotherm model

EF A Langmuir > Freundlich ¼ Toth > D–R
EF B Toth > Freundlich > D–R > Langmuir
EF C Toth > D–R > Freundlich > Langmuir
EF D D–R > Toth > Freundlich > Langmuir
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adsorption model with experimental measurements of each
sample.

In general, the c2 for all the samples was relatively lower,
with less than 0.05 for all the samples. The Freundlich model
has the lowest c2 values, followed by Toth and D–R models. In
contrast, the Langmuir model exhibits the highest c2 value,
particularly for EF D samples. The RMSE values of the adsorp-
tion data demonstrate the relationship between experimental
and model data, with low RMSE obtained from the Freundlich,
Fig. 10 Correlation of the adsorption capacity from experimental measu
D–R isotherm.

20538 | RSC Adv., 2022, 12, 20530–20543
Toth, and D–R models, supporting the best-t isotherm models
for non-linear regression analysis.

The ARE analysis showed that the Toth model has the lowest
values compared to other models, 0.6% for EF B, 2.5% for EF A,
and 2.2% for EF A and EF D, respectively. The Freundlich model
rank second, followed by the D–R model. Meanwhile, the
Langmuir model shows signicant error for the tting model
with ARE values between 10 and 13%. The order of error of the
isotherm model of each sample is tabulated in Table 6.

The theoretical assumptions could explain the deviations of
adsorption data from the Langmuir and that the adsorbent
surface must be homogenous, which did not full in the case of
heterogeneous shale characteristics. Shale samples owned
broad pore size distributions with pore sizes ranging between
2 nm to 50 nm. The inuence of pore walls is signicant,
leading to the high potential energy between methane mole-
cules and shale surface, the effect more signicant in smaller
pores. The violation of the homogeneity assumption with the
Langmuir model could have been responsible for inaccurate
ttings to methane adsorption data on shales. This study also
shows that all the models show great prediction with absolute
adsorption capacity measurements at low pressure compared to
high pressure.

This study also shows that the methane adsorption equilib-
rium at high pressure and temperature in shale did not obey the
Type I adsorption isotherm (e.g. Langmuir and Freundlich).
This resulted from the fact that methane adsorption did not
follow the Type I isotherm. This isotherm is dened as the
adsorption of gas molecules to adsorbents limited to one
molecular layer.92 Meanwhile, the Freundlich model was
developed from the theory of heterogeneous adsorbent on the
surface of adsorbate, thus showing a great ability to depict the
adsorption in shale. However, discrepancies from the model
were observed in the samples with higher TOC values. Samples
with higher TOC own a larger volume of pores compared to low
rement, adsorption isotherm with samples TOC; (a) Toth isotherm (b)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparison of the maximum adsorption capacity obtained
through experimental measurements and TOC values

TOC (%)

Maximum adsorption capacity (mg g�1)

Experimental
measurements Toth

Differences
(%) D–R

Differences
(%)

9.69 0.546 0.524 4 0.512 6
10.4 0.341 0.334 2 0.321 6
10.7 1.148 1.097 4 0.94 18
14.4 1.307 1.213 7 1.068 18

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
:4

5:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
TOC value samples. The presence of these pores could change
the adsorption behaviour in shale. Therefore, methane
adsorption in shale could be categorised as Type II (multilayer,
Toth) or Type III (pore lling, D–R). This explained the obser-
vation from experiment measurement that shows higher
agreement with D–R or Toth adsorption isotherm model.

Comparing the adsorption isotherms with TOC. The
adsorption capacities of shale samples were calculated using
the D–R and Toth adsorption isotherms to determine the
correlations with the TOC of the samples. The correlations of
calculated adsorption capacity with TOC are graphically
described in Fig. 10.

In Fig. 10, both isotherms perfectly depict the adsorption
isotherm for samples with 9.69% and 10.4% TOC values.
However, Toth and D–R adsorption isotherms underestimate
the adsorption capacity for samples with higher TOC, 10.7%
and 14.4%. The discrepancies were more apparent for TOC of
14.4%, 7% for calculation with Toth isotherm, and 18% with
D–R isotherm. The percentage of differences in the maximum
adsorption capacities obtained through both methods are
tabulated in Table 7.

These isotherms' ability to determine methane adsorption
on shale has been discussed in the literature previously.
However, the limitations of these isotherms depicting the
adsorption towards the TOC of shale are rarely discussed. As the
TOC increases, the ability of these isotherms to predict the
adsorption shows discrepancies, especially at high pressure.
Taking into account that these measurements were also con-
ducted at 120 �C. It shows that current empirical adsorption can
predict methane adsorption in shale to a certain degree. Thus,
an in-depth study is required to address the heterogeneous
properties of shale.

5 Conclusions

This study conducted the methane adsorption isotherms of four
shale samples from Eagle Ford shale reservoirs. The adsorption
isotherm measurements were performed at 120 �C and up to
10 MPa. The shale samples were characterised, and the
adsorption models were used to describe the methane adsorp-
tion behaviour. According to the results obtained, the main
conclusion from this work is summarised as follows;

(1) The TOC of the shale sample values ranged from 9.69% to
14.4%. The results show that the SSA positively correlates with
TOC creating favourable gas adsorption and storage conditions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
(2) The calculated absolute adsorption of supercritical
methane is higher than the excess adsorption. Therefore, the
difference between the absolute and excess adsorption
percentage of deviations is more signicant at a pressure higher
than the critical methane pressure. For example, the difference
between excess and absolute adsorption is 3.5% at a lower
pressure than 9.6% at higher pressure.

(3) The adsorption isotherm of methane increased with
pressure, and almost all the shale samples showed positive
adsorption capacity correlations with TOC content. Sample EF 4
has the highest adsorption capacity with 1.307 mg g�1, followed
by EF 5 with 1.148 mg g�1, EF 2 with 0.546 mg g�1, and EF 1 with
0.341 mg g�1. The discrepancies in the value obtained could
result from the pore properties caused by thermal maturity and
kerogen type.

(4) FTIR analysis shows EF B samples possess relatively
higher aromatic compounds than other samples, which could
correlate to the observation of high maximum adsorption
capacity compared to EF A samples.

(5) The order of adsorption isotherm tting with experi-
mental data is Toth > D–R ¼ Freundlich > Langmuir. Error
analysis shows Toth has the lowest values compared to other
models, 0.6% for EF B, 2.5% for EF A, and 2.2% for EF A and EF
D, respectively. The Langmuir model shows signicant error for
the tting model with ARE values between 10 and 13%.

(6) However, discrepancies from the Freundlich model were
observed in the samples with higher TOC values. Samples with
higher TOC own a larger volume of pores compared to low TOC
value samples.

(7) Methane adsorption in shale could be categorised as Type
II (multilayer, Toth) or Type III (pore lling, D–R).

(8) The D–R and Toth isotherms perfectly depict the
adsorption isotherm for samples with 9.69% and 10.4% TOC
values. However, Toth and D–R adsorption isotherms under-
estimate the adsorption capacity for samples with higher TOC
(10.7% and 14.4%). The discrepancies were more apparent for
TOC of 14.4%, 7% for calculation with Toth isotherm, and 18%
with D–R isotherm.

The ability of these isotherms to determine the adsorption of
methane on shale has been studied by researchers. However,
the limitations of these isotherms depicting the adsorption
towards the TOC of shale are rarely discussed. Nevertheless, the
data has shown certain agreement in predicting the adsorption
capacity through this study. Thus, in-depth research is required
to address the properties of shale.
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adsorption in organic-rich shale-gas and coalbed systems,
Int. J. Coal Geol., 2015, 149, 1–8.

25 X.-C. Lu, F.-C. Li and A. T. Watson, Adsorption
measurements in Devonian shales, Fuel, 1995, 74(4), 599–
603, DOI: 10.1016/0016-2361(95)98364-K.

26 J. Li, et al., Key factors controlling the gas adsorption
capacity of shale: a study based on parallel experiments,
Appl. Geochem., 2015, 58, 88–96, DOI: 10.1016/
j.apgeochem.2015.03.009.

27 S. Zhou, H. Xue, Y. Ning, W. Guo and Q. Zhang,
Experimental study of supercritical methane adsorption in
Longmaxi shale: insights into the density of adsorbed
methane, Fuel, 2018, 211, 140–148, DOI: 10.1016/
j.fuel.2017.09.065.

28 J. D. la Fuente, J. Santiago, A. Román, C. Dumitrache and
D. Casasanto, Matrix Permeability Measurements of Gas
Shales: Gas Slippage and Adsorption as Sources of
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1016/j.egyr.2020.07.020
https://bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2020-full-report.pdf
https://bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2020-full-report.pdf
https://bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2020-full-report.pdf
https://doi.org/10.3390/su12166628
https://doi.org/10.1007/s12583-016-0920-0
https://doi.org/10.1016/j.juogr.2015.08.001
https://doi.org/10.1016/S1876-3804(11)60001-3
https://doi.org/10.2118/07-10-06
https://doi.org/10.1016/j.orggeochem.2012.03.012
https://doi.org/10.1149/1.2426447
https://doi.org/10.2113/gscpgbull.56.1.1
https://doi.org/10.1016/j.coal.2013.06.010
https://doi.org/10.1016/j.cej.2018.11.185
https://doi.org/10.1021/acs.energyfuels.7b01948
https://doi.org/10.1016/j.cej.2019.123191
https://doi.org/10.1016/0016-2361(95)98364-K
https://doi.org/10.1016/j.apgeochem.2015.03.009
https://doi.org/10.1016/j.apgeochem.2015.03.009
https://doi.org/10.1016/j.fuel.2017.09.065
https://doi.org/10.1016/j.fuel.2017.09.065
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03367d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
:4

5:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Systematic Error, Psychological Science, 2014, 25(9), 1682–
1690, DOI: 10.1007/s13398-014-0173-7.2.

29 S. Rani, B. K. Prusty, E. Padmanabhan and S. K. Pal,
Applicability of various adsorption isotherm models on
adsorption of methane and CO2 on Indian shales, Environ.
Prog. Sustainable Energy, 2019, 38(6), 13222.

30 T. F. Rexer, E. J. Mathia, A. C. Aplin and K. M. Thomas,
Supercritical methane adsorption and storage in pores in
shales and isolated kerogens, SN Appl. Sci., 2020, 2(4), 780,
DOI: 10.1007/s42452-020-2517-6.

31 Y. Ma and A. Jamili, Modeling the density proles and
adsorption of pure and mixture hydrocarbons in shales,
Journal of Unconventional Oil and Gas Resources, 2016, 14,
128–138, DOI: 10.1016/j.juogr.2016.03.003.

32 L. Pan, X. Xiao and Q. Zhou, The inuence of soluble organic
matter on shale reservoir characterisation, Journal of Natural
Gas Geoscience, 2016, 1(3), 243–249, DOI: 10.1016/
j.jnggs.2016.07.004.

33 C. R. Clarkson and B. Haghshenas, Modeling of supercritical
uid adsorption on organic-rich shales and coal, Society of
Petroleum Engineers – SPE USA Unconventional Resources
Conference, 2013, (2011), 127–150, DOI: 10.2118/164532-ms.

34 D. J. K. Ross and R. M. Bustin, The importance of shale
composition and pore structure upon gas storage potential
of shale gas reservoirs, Mar. Pet. Geol., 2009, 26(6), 916–
927, DOI: 10.1016/j.marpetgeo.2008.06.004.

35 L. Chen, Z. Jiang, K. Liu and F. Gao, Quantitative
characterisation of micropore structure for organic-rich
lower silurian shale in the upper yangtze platform, South
China: implications for shale gas adsorption capacity,
Advances in Geo-Energy Research, 2017, 1(2), 112–123, DOI:
10.26804/ager.2017.02.07.

36 Z. Li, Z. Jin and A. Firoozabadi, Phase Behavior and
Adsorption of Pure Substances and Mixtures and
Characterisation in Nanopore Structures by Density
Functional Theory, SPE J., 2014, 19(06), 1096–1109, DOI:
10.2118/169819-PA.

37 J. Zhou, Z. Jin and K. H. Luo, Effects of Moisture Contents on
Shale Gas Recovery and CO2 Sequestration, Langmuir, 2019,
35(26), 8716–8725, DOI: 10.1021/acs.langmuir.9b00862.

38 F. Guo, S. Wang, Q. Feng, X. Yao, Q. Xue and X. Li,
Adsorption and absorption of supercritical methane within
shale kerogen slit, J. Mol. Liq., 2020, 320, 114364, DOI:
10.1016/j.molliq.2020.114364.

39 X. Tang, N. Ripepi, N. P. Stadie, L. Yu and M. R. Hall, A dual-
site Langmuir equation for accurate estimation of high
pressure deep shale gas resources, Fuel, 2016, 185, 10–17.

40 S. Rani, E. Padmanabhan and B. K. Prusty, Review of gas
adsorption in shales for enhanced methane recovery and
CO2 storage, J. Pet. Sci. Eng., 2019, 175(2018), 634–643,
DOI: 10.1016/j.petrol.2018.12.081.

41 E. Barsotti, E. Lowry, M. Piri and J. H. Chen, Using Capillary
Condensation and Evaporation Isotherms to Investigate
Conned Fluid Phase Behavior in Shales, E3S Web Conf.,
2020, 146, 1–6, DOI: 10.1051/e3sconf/202014605003.

42 W. Yu, K. Sepehrnoori and T. W. Patzek, Modeling gas
adsorption in Marcellus shale with Langmuir and bet
© 2022 The Author(s). Published by the Royal Society of Chemistry
isotherms, SPE J., 2016, 21(2), 589–600, DOI: 10.2118/
170801-PA.

43 C. Li, L. Li and T. Kang, Measurement and modeling of the
adsorption isotherms of CH4 and C2H6 on shale samples,
RSC Adv., 2019, 9(24), 13705–13713, DOI: 10.1039/
c9ra01432b.

44 A. Q. Mohd Aji, B. Maulianda, D. F. Mohshim, K. A. Elraeis
and K. E. H. Ku Ishak, Supercritical Methane Adsorption
in Shale: Isothermal Adsorption and Desorption of Eagle
Ford Shale Gas, 2022.

45 D. Li, L. Zhang, J. Y. Wang and D. Lu, Composition-Transient
Analysis in Shale-Gas Reservoirs with Consideration of
Multicomponent Adsorption, SPE J., 2016, 21(02), 648–664,
DOI: 10.2118/178435-PA.

46 M. Meng, R. Zhong and Z. Wei, Prediction of methane
adsorption in shale: classical models and machine
learning based models, Fuel, 2020, 278, 118358, DOI:
10.1016/j.fuel.2020.118358.

47 S. Schamel, Shale gas resources of Utah: assessment of
previously undeveloped gas discoveries, Utah Geological
Survey, 2006.

48 Z. Wang, Y. Li, P. Guo and W. Meng, Analysing the Adaption
of Different Adsorption Models for Describing the Shale Gas
Adsorption Law, Chem. Eng. Technol., 2016, 39(10), 1921–
1932, DOI: 10.1002/ceat.201500617.

49 X. Tang, N. Ripepi, N. P. Stadie, L. Yu and M. R. Hall, A dual-
site Langmuir equation for accurate estimation of high
pressure deep shale gas resources, Fuel, 2016, 185, 10–17.

50 A. K. Varma, M. Khatun, V. A. Mendhe, B. Hazra, B. D. Singh
and A. M. Dayal, Petrographic characterisation and
Langmuir volume of shales from Raniganj coal basin,
India, J. Geol. Soc. India, 2015, 86(3), 283–294.

51 J. Li, Y. Ma, K. Huang, S. Lu, J. Yin and Y. Zhang,
Comprehensive polynomial simulation and prediction for
Langmuir volume and Langmuir pressure of shale gas
adsorption using multiple factors, Mar. Pet. Geol., 2017, 88,
1004–1012.

52 X. Tang, N. Ripepi, N. P. Stadie, L. Yu and M. R. Hall, A dual-
site Langmuir equation for accurate estimation of high
pressure deep shale gas resources, Fuel, 2016, 185, 10–17.

53 S. Alafnan, A. Awotunde, G. Glatz, S. Adjei, I. Alrumaih and
A. Gowida, Langmuir adsorption isotherm in
unconventional resources: applicability and limitations, J.
Pet. Sci. Eng., 2021, 207, 109172.

54 F. Zhang and H. Emami-Meybodi, Analysis of early-time
production data from multi-fractured shale gas wells by
considering multiple transport mechanisms through
nanopores, J. Pet. Sci. Eng., 2021, 197, 108092, DOI:
10.1016/j.petrol.2020.108092.

55 J. M. Ekundayo and R. Rezaee, Numerical Simulation of Gas
Production from Gas Shale Reservoirs—Inuence of Gas
Sorption Hysteresis, Energies, 2019, 12(18), 3405, DOI:
10.3390/en12183405.

56 C. Boyer, J. Kieschnick, R. Suarez-Rivera, R. E. Lewis and
G. Waters, Producing gas from its source, Oileld Rev.,
2006, 18(3), 36–49.
RSC Adv., 2022, 12, 20530–20543 | 20541

https://doi.org/10.1007/s13398-014-0173-7.2
https://doi.org/10.1007/s42452-020-2517-6
https://doi.org/10.1016/j.juogr.2016.03.003
https://doi.org/10.1016/j.jnggs.2016.07.004
https://doi.org/10.1016/j.jnggs.2016.07.004
https://doi.org/10.2118/164532-ms
https://doi.org/10.1016/j.marpetgeo.2008.06.004
https://doi.org/10.26804/ager.2017.02.07
https://doi.org/10.2118/169819-PA
https://doi.org/10.1021/acs.langmuir.9b00862
https://doi.org/10.1016/j.molliq.2020.114364
https://doi.org/10.1016/j.petrol.2018.12.081
https://doi.org/10.1051/e3sconf/202014605003
https://doi.org/10.2118/170801-PA
https://doi.org/10.2118/170801-PA
https://doi.org/10.1039/c9ra01432b
https://doi.org/10.1039/c9ra01432b
https://doi.org/10.2118/178435-PA
https://doi.org/10.1016/j.fuel.2020.118358
https://doi.org/10.1002/ceat.201500617
https://doi.org/10.1016/j.petrol.2020.108092
https://doi.org/10.3390/en12183405
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03367d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
:4

5:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
57 D. S. Berawala and P. Ø. Andersen, Numerical investigation
of Non-Darcy ow regime transitions in shale gas
production, J. Pet. Sci. Eng., 2020, 190, 107114.

58 T. Alexander, et al., Shale gas revolution, Oileld Rev., 2011,
23(3), 40–55.

59 S. Rani, B. K. Prusty and S. K. Pal, Methane adsorption and
pore characterisation of Indian shale samples, Journal of
Unconventional Oil and Gas Resources, 2015, 11, 1–10.

60 D. J. K. Ross and R. M. Bustin, Impact of mass balance
calculations on adsorption capacities in microporous shale
gas reservoirs, Fuel, 2007, 86(17–18), 2696–2706.

61 H. M. F. Freundlich, Over the adsorption in solution, J. Phys.
Chem., 1906, 57(385471), 1100–1107.

62 A. Li, et al., Investigation of the methane adsorption
characteristics of marine shale: a case study of Lower
Cambrian Qiongzhusi Shale in eastern Yunnan Province,
South China, Energy Fuels, 2017, 31(3), 2625–2635.

63 H. Zhu, A. Jia, Y. Wei, C. Jia, Y. Jin and H. Yuan,
Characteristics of microscopic pore structure and methane
adsorption capacity of shale in the Longmaxi Formation in
the Zhaotong area, Pet. Geol. Recovery Effic., 2018, 25(4), 1–6.

64 J. Toth, State equation of the solid-gas interface layers, Acta
Chim. Hung., 1971, 69, 311–328.

65 M. M. Dubinin and V. A. Astakhov, Development of the
concepts of volume lling of micropores in the adsorption
of gases and vapors by microporous adsorbents, Bull. Acad.
Sci. USSR, Div. Chem. Sci., 1971, 20(1), 8–12.

66 Q. Hu and Z. Zhang, Application of Dubinin–Radushkevich
isotherm model at the solid/solution interface:
a theoretical analysis, J. Mol. Liq., 2019, 277, 646–648, DOI:
10.1016/j.molliq.2019.01.005.

67 T. F. T. Rexer, M. J. Benham, A. C. Aplin and K. M. Thomas,
Methane adsorption on shale under simulated geological
temperature and pressure conditions, Energy Fuels, 2013,
27(6), 3099–3109.
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