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Understanding the adsorption mechanisms of CO, and N, inillite, one of the main components of
clayin shale, is important to improve the precision of the shale gas exploration and development.

We investigated the adsorption mechanisms of CO, and N, in K-illite with varying pore sizes at the
temperature of 333, 363 and 393 K over a broad range of pressures up to 30 MPa using the grand
canonical Monte Carlo (GCMC) simulation method. The simulation system is proved to be reasonable
and suitable through the discussion of the impact of cation dynamics and pore wall thickness. The
simulation results of the excess adsorption amount, expressed per unit surface area of illite, is in general
consistency with published experimental results. It is found that the sorption potential overlaps in
micropores, leading to a decreasing excess adsorption amount with the increase of pore size at low
pressure, and a reverse trend at high pressure. The excess adsorption amount increases with increasing
pressure to a maximum and then decreases with further increase in the pressure, and the decreasing
amount is found to increase with the increasing pore size. For pores with size greater larger than 2nm,
the overlap effect disappears.

Because of the continuous growing of the global energy demands and the insufficient conventional oil and gas
resources, more and more attentions are being focused on the unconventional energy resources'. The great suc-
cess of both exploration and development in North America has proved the shale gas to be the most promising
unconventional energy recently®. Shale gas consists of both free gas within inter granular pores or natural frac-
tures and adsorbed gas on or underneath the surface of insoluble organic matter (kerogen) or inorganic minerals®.
Previous studies have confirmed that the amount of adsorbed gas constitutes about 20-85% of the total gas in
place of shale gas reservoirs*. Therefore, the behavior of adsorbed gas plays an important role in both exploration
and development of shale gas. Whereas the hydrocarbon gases account for large proportion of shale gas, the con-
tents of CO, and N, and their impact on shale gas adsorption behavior are non-negligible®. The content of CO,
can be as high as 10% for some wells in New Albany Shale, and the content of N, sums up to 65% for some wells in
Antrim Shale®. Together with the fact that illite is one of the most important adsorbent components in shale®”, the
investigation of the mechanisms of CO, and N, adsorption behavior in illite is valuable for both exploration and
development of shale gas. Furthermore, the investigation will also provide the theoretical basis for the enhance-
ment of shale gas recovery by injecting CO, and the storage of CO, in shale.

While the adsorption capacity of shale has been widely studied experimentally within a limited temperature
and pressure range®’, the experiments can only help to estimate the excess adsorption amount without distin-
guishing the mechanisms of adsorption behavior. Molecular simulation methods, on the other hand, have been
recently introduced to investigate the gas adsorption mechanisms in both kerogen and clay over large pressure
and temperature ranges'*-16. However, there is still some insufficiency in the molecular simulation investigation
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Figure 1. A snapshot of (a) type I and (b) type II simulation cells with carbon dioxide molecules in between.
Carbon dioxide molecules and potassium cations are represented by spheres and clay layers are represented by ball-
stick structures, with the color scheme: O, red; H, white; Si, yellow; Al pink; K, blue; C, grey. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).

which needs to be further studied. First of all, recent molecular simulation studies on the shale gas adsorption
behavior in clays were mainly focused on Na-montmorillonite structure and the gas of CH, and CO,'>'*". Other
clays, such as illite and kaolinite, also play an important role in shale gas adsorption behavior®’, and other gas,
such as N,, also exists in shale®. Secondly, the suitability of simulation system was usually not discussed before the
simulations in the previous studies. Thirdly, the expected bulk gas density, which will be used when calculating
the excess adsorption amount, was commonly obtained by the equation of state rather than the simulations!'">18,
However, the difference in bulk gas density obtained by these two methods will induce uncertainties to the excess
adsorption amount. Fourthly, the excess adsorption amount was conventionally expressed per unit mass of adsor-
bent!>!8 to compare with experimental measurements in previous studies. But to the best of our knowledge, the
comparability between these two results (simulation and experiment) has to be further discussed. Finally, the
mechanisms of the overlap effect of adsorption behavior in micropores and its corresponding phenomenon on
isotherms have not been discussed systematically.

To solve these problems, the grand canonical Monte Carlo (GCMC) simulations on CO, and N, in K-illite
with varying pore sizes are performed at the temperature of 333, 363 and 393 K over a range of pressures up to
30 MPa. Before the investigation of adsorption mechanisms, the impact of cation dynamics in the simulation sys-
tem and the pore wall thickness of the simulation cell is discussed to prove the suitability of the simulation system.
For the purpose of calculating the excess adsorption amount, the GCMC simulations in empty simulation box are
performed to get the expected bulk gas density. The expression unit of excess adsorption amount is discussed, and
then the comparisons between the molecular simulation results and the experimental measurements are made to
confirm the validity of the simulations. The overlap effect of the adsorption behavior is also discussed in detail by
comparing the gas density profiles, the gas-clay interaction energies and the excess adsorption isotherms for pores
with varying sizes, and the mechanisms of overlap effect in micropores are finally revealed.

Methods

Models. The adsorption system consists of both adsorbent (K-illite) and adsorbate molecules (CO, or N,).
The K-illite is represented by pyrophyllite-1Tc'*2* with the unit cell formula of K [Si )AL ](Al) O, (OH)*. In
each unit cell one silicon (Si) is substituted by one aluminum (Al) in the tetrahedral sheet (x=1), causing of —1.0
e charge per unit cell. The negative charge caused by the substitution is balanced by the interlayer potassium
cations (K*)*. To investigate the effect of the pore wall thickness on adsorption behavior, two types of clay sim-
ulation cells (types I and II) are built (as shown in Fig. 1). Type I simulation cell is a patch with two half layers of
the clay sheet, and with the interlayer slit-like pore space in between (as shown in Fig. 1a). Type II simulation cell
is a patch with two complete layers of the clay sheet, and also with the interlayer slit-like pore space in between (as
shown in Fig. 1b). Counter cations and gas molecules are presented in the slit pore. Three-dimensional periodic
boundary condition is applied to both type I and type II simulation cells, which are composed of 15 (5 x 3 x 1)
unit cells and 30 (5 x 3 x 2) unit cells respectively, making up 2.58 nm in x-dimension by 2.69 nm in y-dimension
for both type. In order to investigate the influence of pore size (defined as the distance between the planes of
the centers of oxygen atoms in the inner surface of the tetrahedron) and the pore wall thickness on adsorption
behavior, 4 pore sizes of 0.74nm, 1 nm, 2nm and 3 nm, respectively are selected for type I simulation cells and 2
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pore size of 0.74nm and 3 nm, respectively for the type II. In the simulations, the cutoff distance is 1.25nm, so the
simulation cell is repeated in z-dimension if its size is less than 2.5 nm to make sure it is not smaller than 2 times
of the cutoff distance. The CLAYFF force field is used for clay structure?, by which the clay sheets are considered
to be rigid, and no bending potential is considered for clay sheets.

The adsorbate molecules, including CO, and N,, are simulated using transferable potentials for phase equilib-
ria (TraPPE model)**. For CO, molecule, the C-C bond length and O-C-O bond angle are fixed at the experimen-
tal value of 1.16 A and 180°, respectively. Point charges of +0.7 e and —0.35 e are placed on carbon site and oxygen
site, respectively. N, molecule consists of three sites. Each nitrogen atom is modeled by a Lennard-Jones site sepa-
rated by the experimental bond length of 1.10 A. The gas-phase quadrupole moment of N, (Q = —1.4 x 10~ % esu)
is reproduced by placing point charges of —0.482 e on each Lennard-Jones site. To maintain charge neutrality, a
point charge of 4-0.964 e is placed at the mass center of the N, molecule.

In the clay-gas system, the adsorption behavior is governed by the combination of gas-surface and gas-gas inter-
actions, which are dominated by both van der Waals forces and coulomb forces'>!. The van der Waals interactions
between pseudoatoms, which belong to different molecules, are described by pairwise-additive Lennard-Jones
12-6 potentials?. Cross interactions between unlike atoms are calculated by the Lorentz-Berthelot combining
rules’®?”. The Coulomb energy of the interaction is inversely proportional to the distance of separation r,>.

Simulation details. In this study, GCMC simulations are performed to investigate the adsorption behavior
of CO, and N, in K-illite with varying pore sizes, temperatures and pressures using the Sorption model of
Material Studio and RASPA 2.0%%%. In the GCMC simulations, the chemical potential of the gas (1), the volume
(V), and the temperature (T) of the system are fixed. The chemical potential (1) relates to reservoir gas or bulk gas

pressure (P) by "= HO + RT In @ , where p° and 1 are the standard pressure and chemical potential, respec-

tively, and ¢ is the fugacity coeﬂicie?lt obtained from the NIST thermodynamic properties®. The GCMC simula-
tions are firstly performed on both type I and type II simulation cells at the temperature of 363 K with the pore
size of 0.74nm and 3 nm to investigate the influence of the pore wall thickness. We then perform the GCMC
simulations on type I simulation cells to reveal the adsorption mechanisms at the temperature of 363 with varying
pore sizes from 0.74 nm to 3 nm, and at the varying temperature of 333, 363 and 393 K with the pore size of 2nm.
The GCMC simulations with both rigid and dynamic potassium cations are performed on Type I simulation cell
with 2nm pore size using RASPA 2.0 to investigate the impact of the cation dynamics. The temperature of the
simulation system is 363 K (90 °C), and the pressure is fixed to be 1 MPa, 10 MPa and 30 MPa, respectively. To
obtain the bulk density of CO, and N, at each temperature and pressure, the GCMC simulations are performed
in an empty box of 3 X 3 X 3nm in x-, y-, z-dimension, respectively. Each GCMC simulation run consists of
1 x 10° steps for equilibration and 1 x 10° steps for ensemble average.

Results And Discussion

The suitability of the simulations. The comparability of characteristics between the simulation system
and natural illite mineral is a key factor that influences the validity of simulations. Thus, it is necessary to investi-
gate the suitability of the simulation system at the beginning of the GCMC simulations. As the cation dynamics
and the pore wall thickness are the critical factors that influence the suitability of simulation system, we discuss
the impact of these two factors before the mechanism investigation.

The impact of cation dynamics. In the adsorption experiment, the sample is usually pretreated by simultaneously
heating to over 100 °C and vacuuming to eliminate the water and impurity gas®*!, after which the potassium cati-
ons will locate at the surface of the illite sample. The gas is then injected into the sample cell and the gas molecules
will adsorb on the pore wall surface. If the interaction between the gas molecules and the pore wall surface is
much stronger than that between the potassium cations and pore wall surface, the potassium cations located on
the pore wall surface will be replaced by gas molecules. In this case, the GCMC simulations with rigid potassium
cations will not be able to reflect exactly the adsorption behavior in natural illite mineral.

The loading numbers of CO, and N, with both rigid and dynamic potassium cations are given in Fig. 2, which
shows that the differences in the loading number of both CO, and N, between rigid and dynamic potassium
cations are slight and negligible. It can be inferred that the potassium cations located on the illite surface can’t be
replaced by gas molecules. This is because the interaction between potassium cations and illite surface is stronger
than that between the gas molecules (CO, and N,) and the illite surface. As a result, both rigid and dynamic
potassium cations in the simulation cells are suitable to investigate the adsorption behavior of CO, and N,. To
simplify the simulation system, the rest of the simulations in this paper is performed only with rigid potassium
cations using Material Studio.

The impact of the pore wall thickness.  As shown in Fig. 1, in both type I and II simulation cells, the x- and y-
dimension and the slit pore size are the same. However, the clay mass, which is determined by the number of
clay sheet layers (pore wall thickness), is different. Specific surface area is a property of solids defined as the total
available surface area per unit mass of the adsorbent. For the simulation cell with a specific x- and y- dimension
and the slit pore size, the specific surface area depends mainly on the clay mass, which is determined by the pore
wall thickness. In other words, the specific surface area of clay can reflect the slit pore wall thickness.

For the simulation cell with the counter cations in its pore space, the available surface is built up by rolling
a probe atom with a certain dynamic radius over the inner clay surface and cation surface, also known as the
“Connolly surface” when the probe is spherical®***, and then the total surface area can be obtained. The specific
surface area of the simulation cell can be computed by dividing the mass of the simulation cell from the total avail-
able surface area, which is generally expressed in the unit of m?/g. The specific surface areas for the simulation
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Table 1. Kinetic diameters of both CO, and N, molecules and specific surface areas of types I and II
K-illite simulation cells.
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Figure 2. The loading number of (a) CO, and (b) N, molecules in simulation cell with both rigid and dynamic
K cations.
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Figure 3. Comparison of the total loading number of (a) CO, and (b) N, in both type I and II simulation cells
at the temperature of 363K (90°C).

cells together with the kinetic diameters of the adsorbate gas molecules are listed in Table 1. The specific surface
areas of the simulation cells are 1038.92 (CO,) and 1015.76 (N,) m?/g for type I, and 522.40 (CO,) and 517.04 (N,)
m?/g for type IL. The specific surface area of natural illite mineral varies in different publications, from 2.26 m*/g
analyzed by nitrogen’ to 64 m?/g analyzed by atomic force microscopy?. It is obvious that the specific surface
areas of the simulation cells are significantly larger than that of the natural illite mineral. This is because the slit
pore wall thickness of the simulation cell is markedly thinner than that of the natural illite mineral.

In a simulation cell with more layers of clay sheet (thicker pore wall), the additional clay sheet within the cutoff
distance may also interact with the gas molecules in pore space, which in turn may affect the adsorption behavior.
In order to investigate the suitability of the simulation cells, the influence of pore wall thickness on adsorption
behavior should be studied. The GCMC simulations are performed on both type I and IT simulation cells with the
pore size of 0.74nm and 3 nm at the temperature of 363K (90 °C). Simulation cell with thicker pore wall is not
investigated since the separation between extra clay sheet and gas molecules in pore space would be out of the
cutoff distance, and thus the interaction is negligible. The comparison of the total loading number of adsorbate
gas molecules in type I and IT simulation cells with the pore size of 0.74 nm and 3 nm is shown in Fig. 3. It can be
seen that for a given pore size, the difference in the total loading number of both CO, and N, molecules between
in type I and type II simulation cells is negligible.

Therefore, the pore wall with thickness greater than half layer of clay sheet (type I simulation cell) will not
affect the adsorption behavior anymore. We can conclude that, even though the thickness of the simulation cells
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Figure 4. The density profile of both CO, and N, at different pressures with varying pore sizes along z
direction which is perpendicular to the clay surface. (a) CO, at 1 MPa; (b) CO, at 10 MPa; (c) CO, at 30 MPa;
(d) N, at 1 MPa; (e) N, at 10 MPa; (f) N, at 30 MPa.

is much thinner than that of natural illite mineral, it is suitable to use both type I and II simulation cells to inves-
tigate the adsorption behavior for both CO, and N,. Considering the calculation cost, all the simulations men-
tioned in the rest of the paper are performed on type I simulation cells with less atoms.

Gas distribution in pore space. Having proved the suitability of the simulation system, we firstly investi-
gated the gas distribution in pores with varying sizes.

The gas density profiles along z direction (perpendicular to the clay surface) of CO, and N, at the temperature
0f 363 K (90°C) are shown in Fig. 4. For the pore sizes of 1 nm, 2nm and 3 nm, gas molecules close to the slit pore
wall interact strongly with the clay surface, forming two distinct density peaks as the strong adsorption layers (the
typical strong and weak adsorption layer are marked in Fig. 4f). Gas molecules out of the strong adsorption layers
also interact weakly with the clay surface, forming the small density peaks as the weak adsorption layers, whose
density is much lower than that of the strong adsorption layers but higher than the expected bulk phase density
(as shown in Fig. 4). If the gas molecules in the center of slit pore space are far enough from both side of the clay
surface and the gas-clay interaction is negligible, the gas density would fluctuate around or almost equal to the
expected bulk phase density.

As the pore size decreases, the sorption potential from both side of the pore wall surface overlaps, so the gas
molecules in the center of the slit pore space begin to interact with both side of the clay surface. As a result, the gas
density of adsorption layers overlaps!+*>%. Because the smaller pore size causes stronger overlap effect, the gas
density of the weak adsorption layers increases as the pore size decreases. When the pore size drops to 0.74 nm,
there is not enough space for the weak adsorption layers, and therefore the strong adsorption layers begin to
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Figure 5. The interaction energy between gas molecules (CO, and N and clay with varying pore sizes.

overlap. When the space is not big enough to form two separated strong adsorption layers, a single distinct den-
sity peak occurs (as shown in Fig. 4d-f). We can deduce that if the pore size continues to decrease, there would
be not enough pore space to form the single density peak, and thus the density peak would diminish and finally
disappear.

As shown in Fig. 4, the gas density of CO, is obviously higher than that of N,, indicating stronger interaction
between CO, and clay than that between N, and clay. For both CO, and N,, the difference between the gas densi-
ties of the strong adsorption layers for different pore sizes is not significant, except for the pore size of 0.74 nm, for
which the strong adsorption layers overlap. The weak adsorption layers overlap at the pore size of 1 nm and the
strong adsorption layers overlap at the pore size of 0.74 nm at all pressures shown in Fig. 4. Consequently, both the
strong adsorption layers and the overlapped weak adsorption layers contribute to the adsorption amount for the
pore size of 1 nm, and the overlapped strong adsorption layers contribute for the pore size of 0.74 nm. For the pore
size of 2nm and 3 nm, the contributors to the adsorption amount vary with the pressure. At low pressures, 1 MPa
for CO, and 1 MPa and 10 MPa for N,, only strong adsorption layers with no weak adsorption layers contribute
to the adsorption amount, because almost no weak adsorption layer occurs. At high pressures of 10 MPa and
30 MPa for CO, and 30 MPa for N,, the weak adsorption layers occur, so both the (overlapped) weak adsorption
layers and strong adsorption layers contribute to the adsorption amount. We can conclude that the difference in
the adsorption amount between different pore sizes (from 1 nm to 3 nm) mainly depends on the (overlapped)
weak adsorption layers and the relevant volumes, because the densities of strong adsorption layers are similar.

It should be pointed out that the interlayer potassium cations play dual roles on the adsorption behavior. One
is that the potassium cations with positive charge interact with the point charges in gas molecules. The other one
is that the potassium cations compete with gas molecules to occupy the adsorption site on clay surface. Under the
dual effect of potassium cations, the density of the strong adsorption layers for the pore size of 0.74 nm is slightly
lower than that of larger pore size at the pressure of 10 MPa for CO, (as shown in Fig. 4b).

Interaction energy. We then investigated the affinity between gas and clay surface in pores with different
sizes by comparing their interaction energies.

The interaction energy between gas and clay surface is analyzed with varying pore sizes at the pressure of
10 MPa (as shown in Fig. 5). The interaction energy, expressed by kJ per mole of gas, is obtained by averaging the
gas-clay interaction energy per mole of simulation cell by the number of gas molecules uptake in the simulation
cell.

The interaction between gas molecules (CO, and N,) and the clay surface is mainly caused by van der
Waals force and Coulomb force. The polarizability of CO, (29.1 x 10~* cm*/molecule) is larger than that of N,
(17.4 x 107> cm®/molecule), causing stronger van der Waals interaction between CO, and clay (including K
cations). The molecular electric quadrupole moment of CO, (4.3 x 10~ % esucm?)*® is almost 3 times as large
as that of N, (1.5 x 10~* esucm?)*, making stronger Coulomb interaction between CO, and clay (including K
cations). Consequently, the total CO,-clay interaction energy is much larger than total N,-clay interaction energy
as shown in Fig. 5.

For both CO, and N,, the gas-clay interaction energy increases as the pore size decreases, especially when the
pore size is smaller than 2 nm (as shown in Fig. 5). This is because the sorption potential from both side of pore
wall surface overlaps when the pore size is smaller than 2 nm!?1435%40 which makes the interaction between gas
and clay surface stronger. The overlap of the sorption potential in micropores makes the gas density higher in the
smaller pore size, this is consistent with the gas density profile shown in Fig. 5.

Excess adsorption. The calculation and expression. The output of GCMC simulation is the loading num-
ber of adsorbate gas molecules at a certain pressure and temperature, rather than the adsorption amount. Excess
adsorption amount in GCMC simulation is defined as the additional loading amount of adsorbate gas com-
pared with the gas amount in the same volume in absence of pore walls at the same pressure and temperature.
Subtraction of the latter from the former can thus yield the excess adsorption amount. The number of moles of
excess adsorption, #,,, is defined as
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Figure 6. Excess adsorption isotherms of (a) CO, and (b) N, obtained from simulations at the temperatures of
333,363 and 393K (60, 90 and 120 °C) with the pore size of 2 nm and the experimental measurements of CO,
adsorption isotherm on natural illite mineral at the temperature of 40 °C reported by Heller and Zoback®*!.

N, oV

“ Na Mgy (1)

where N, is the total loading number of adsorbate gas molecules in the pore space, Na is the Avogadro constant of
6.02 x 10 mol~?, and M, (g/mol) is the molar mass of the adsorbed gas molecules. The bulk gas density pj, (g/cm?)
is calculated using the GCMC simulations in the 3 x 3 x 3nm empty box. The free pore volume V,, (cm?) is lim-
ited by the “Connolly surface™>%,

In order to compare the simulation results with the experimental measurements and other published simula-
tion results, the excess adsorption amount should be expressed in a proper unit. Even though different adsorption
mechanisms like pore filling and single/multiple layer adsorption exhibit in different pore sizes*!, the adsorption
behavior is generally believed to be dominantly caused by the gas-mineral surface interaction. Therefore, the
adsorption capacity of the clay with a given pore size distribution mainly depends on the total available surface
area.

As discussed previously, the specific surface area of the simulation cell is significantly larger than that of natu-
ral illite mineral. As a consequence, the total surface area as well as the adsorption capacity per mass of simulation
cell is markedly larger than that of natural illite. In order to compare the simulation results with the experimental
measurements or other simulation results, the excess adsorption amount should be expressed per unit surface
area of clay, rather than per unit mass of clay as is usually used in experiments®. The excess adsorption amount per
unit surface area of clay is given by

Z
Qex _ Zst

‘nex‘R'Tst

Psts (2)

where Z, is the compress factor of adsorbate molecules under standard state, R is the ideal gas constant of 8.314]/
(mol-K), and Q,, (cm*/m?) is the volume of excess adsorption amount per unit clay surface area (S, in the unit of m?)
under the standard state. The temperature (T,,) and pressure of standard state are 273.15K and 0.101 MPa,
respectively.

Effect of temperature and pressure.  To investigate the temperature effect, the excess adsorption isotherms are
compared among different temperatures of 333, 363, and 393K (60, 90 and 120 °C) for both CO, and N, at the
pore size of 2nm (as shown in Fig. 6). Together with the simulation results, the experimental measurements of
CO, adsorption isotherm at 40 °C reported by Heller and Zoback?? are also presented in Fig. 6a. The experimental
adsorption amounts, originally expressed per unit mass of clay (SCF/ton), are converted to be per unit surface
area (cm*/m?) by normalizing the original data by the specific surface area of illite. The specific surface area of
illite with the value of 41 m?/g is reported by Macht et al.3, which is derived by combining the external N, BET
specific surface area with the atomic force microscopy specific edge surface area. The simulation results and the
experimental measurements are of the same order of magnitude, although they are not matched perfectly. The
simulation results are reasonable and acceptable due to the following reasons:

(a) To compare with the simulation results, the experimental measurements are converted to be expressed per
unit surface area by normalizing their original data (expressed per unit mass) by the specific surface area of
illite. Therefore, the specific surface area of illite is a key factor that influences the measured excess adsorp-
tion amount. However, the measured specific surface area of illite is significantly different from each other
according to different experiments, from 2.26 m*/g to 62 m?/g. As a result, the error in the measured excess
adsorption amounts is not negligible.

(b) When performing the adsorption experiments, the free volume is measured by helium, whose molecu-
lar dynamic diameter is smaller than that of CO, and N,. Therefore, the experimental adsorption amount
obtained using the helium is lower than the theoretical value.
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Figure 7. The excess adsorption isotherms of (a) CO, and (b) N, at the temperature of 363 K (90 °C) for the
pore size of 2nm.

(c) The adsorption capabilities vary for pores with different pore sizes (see below for further discussion), so we
should not expect the simulation results obtained from a specific pore size to match exactly the experimental
measurements with complex pore structures.

(d) The illite mineral used in the adsorption experiment is not pure illite. The existence of other minerals would
affect the results of the specific surface area and the adsorption capacity.

(e) The natural illite mineral is not as ideal as what we used in the simulations. Firstly, the isomorphic replace-
ment should be much more random in both number and position in the natural illite mineral. Secondly, the
cations filled in the slit pore space should be more diverse rather than the potassium cations only as used in
our model. Thirdly, some lattice imperfection and other cleave surface must also exist in the natural illite
mineral, and the adsorption capacity on these surfaces would be different from our simulations®.

(f) The difference in the temperature between the simulations and the experiments would also cause the differ-
ence between their results.

As shown in Fig. 6, the excess adsorption amount increases with the increasing pressure to a maximum and
then decreases with further increase in the pressure. This can be explained by the fact that while both the adsorp-
tion phase density and the expected bulk phase density increase with pressure (as shown in Fig. 6), the adsorption
phase density grows faster at low pressure since the adsorption position is surplus, and increases slower at high
pressure because the adsorption position is saturated. As shown in Fig. 6a, the higher temperature causes a lower
peak and a smaller descending rang in excess adsorption isotherms as the pressure increases beyond the peak.
This is due to the exothermic nature of physisorption process. This phenomenon is consistent with the experi-
mental results of the gas adsorption characteristics in shaleS’.

Effect of pore size.  To investigate the effect of the pore size on the excess adsorption amount, the excess adsorp-
tion isotherms at the temperature of 90 °C with various pore sizes from 0.74 to 3 nm are calculated and compared
in Fig. 7. At low pressure, from 0 to 2 MPa for CO, and from 0 to 10 MPa for N,, the adsorption amount decreases
with the increasing pore size. This is due to the fact that the strong adsorption layers overlap for the pore size
of 0.74nm and the weak adsorption layers overlap for the pore size of 1 nm, however, no weak adsorption layer
occurs for the pore size of 2nm and 3 nm. In other words, there are more contributors to excess adsorption
amount for smaller pore size, this is consistent with the gas density profiles for different pore size presented in
Fig. 4. At high pressure, from 2 to 30 MPa for CO, and form 10 to 30 MPa for N,, the adsorption amount increases
with the increasing pore size. That is due to the fact that the weak adsorption layers occur for the pore size of
2nm and 3nm at high pressure. As discussed previously, now that the densities of the strong adsorption layers
are similar, the difference in the adsorption amount between different pore sizes (except for 0.74 nm because of
the overlap of the strong adsorption layers) mainly depends on the gas densities of the (overlapped) weak adsorp-
tion layers and the relative volumes. The volume relative to the weak adsorption layers is larger for the large pore
size than that for the small pore size (as shown in Fig. 4), thus the excess adsorption amount increases with the
increasing pore size. Generally speaking, the difference in the excess adsorption isotherms between the pore size
of 2nm and 3 nm is negligible, indicating that the overlap of interaction energy and adsorption layers can hardly
occur when the pore size is larger than 2nm.

Meanwhile, more gas amount with the expected bulk gas density will be subtracted from the absolute loading
amount to obtain the excess adsorption amount for a larger adsorbed phase volume. For the pore sizes from
0.74nm to 2 nm, the total pore space is the adsorption phase volume because of the overlap effect of the gas
density. As a result, the descending rang of isotherm as the pressure increases beyond the peak increases with the
increasing pore size (from 0.74nm to 2nm).

The pressure corresponding to the maximum of the excess adsorption isotherms increases with the increasing
pore size. This observation was also reported by Tan and Gubbins for methane adsorbed in carbon micro pores*
and Liu et al. for methane adsorbed in shale**. This can be explained by the fact that the sorption potential over-
laps more intensely in a smaller pore size, thus the adsorption positions get saturated at lower pressure.
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Conclusions

The GCMC simulations are performed to investigate the adsorption behavior of CO, and N, in K-illite with
varying slit pore size from 0.74nm to 3 nm at different temperatures of 333, 363 and 393K (60, 90 and 120°C)
over a range of pressures up to 30 MPa. The adsorption mechanisms of CO, and N, in K-illite have been revealed
through the investigation of the gas density profile, interaction energy and the excess adsorption amount from the
simulation results. The main findings are concluded as follows:

(1) The impact of cation dynamics on the adsorption amount of CO, and N, is slight and negligible, therefore,
both rigid and dynamic potassium cations in the simulation cells are suitable to investigate the adsorption
amount of CO, and N, in K-illite.

(2) Although the pore wall thickness of the simulation cell is much thinner than that of natural illite mineral, it
will not affect the adsorption behavior as long as it is greater than half layer of clay sheet.

(3) Itisreasonable to compare the simulation results with the experimental measurements when the excess ad-
sorption amount is expressed in per unit surface area of illite. The consistency between the simulation results
and the experimental measurements confirms the validity of the GCMC simulations carried out in this work.

(4) The sorption potential overlaps in the micropores and the overlap effect enhances with the decreasing pore
size, leading to improving interaction between gas and the clay surface and increasing gas density in the
adsorption layers as the pore size drops.

The simulation results of the adsorption amounts, the interaction energies, and the density profiles are all
self-consistent. The adsorption mechanisms revealed in this paper improved the understanding of the shale gas
adsorption behavior, which could be hopefully expected to be conducive to the shale gas exploration and devel-
opment in the future.

References
1. Wang, M. et al. Geochemical and geological characteristics of the Es3L lacustrine shale in the Bonan sag, Bohai Bay Basin, China.
International Journal of Coal Geology 138, 16-29, doi: http://dx.doi.org/10.1016/j.coal.2014.12.007 (2015).
2. Badics, B. & Vetd, I. Source rocks and petroleum systems in the Hungarian part of the Pannonian Basin: The potential for shale gas
and shale oil plays. Marine and Petroleum Geology 31, 53-69 (2012).
3. Ross, D. J. K. & Marc Bustin, R. The importance of shale composition and pore structure upon gas storage potential of shale gas
reservoirs. Mar Petrol Geol 26, 916-927, doi: http://dx.doi.org/10.1016/j.marpetgeo.2008.06.004 (2009).
4. Hill, D. G. & Nelson, C. Gas productive fractured shales: an overview and update. Gas Tips 6, 4-13 (2000).
5. Bullin, K. A. & Krouskop, P. E. Compositional variety complicates processing plans for US shale gas. Oil Gas ] 107, 50-55 (2009).
6. Fan, E,, Tang, S., Zhang, C., Guo, Q. & Sun, C. Methane sorption capacity of organics and clays in high-over matured shale-gas
systems. Energy, Exploration & Exploitation 32, 927-942 (2014).
7. Ji, L., Zhang, T., Milliken, K. L., Qu, J. & Zhang, X. Experimental investigation of main controls to methane adsorption in clay-rich
rocks. Appl Geochem 27, 2533-2545, doi: http://dx.doi.org/10.1016/j.apgeochem.2012.08.027 (2012).
8. Krooss, B. M. et al. High-pressure methane and carbon dioxide adsorption on dry and moisture-equilibrated Pennsylvanian coals.
International Journal of Coal Geology 51, 69-92, doi: http://dx.doi.org/10.1016/S0166-5162(02)00078-2 (2002).
9. Tan, J. et al. Shale gas potential of the major marine shale formations in the Upper Yangtze Platform, South China, Part II: Methane
sorption capacity. Fuel 129, 204-218, doi: http://dx.doi.org/10.1016/j.fuel.2014.03.064 (2014).
10. Chen, G. et al. Adsorption Behavior of Hydrocarbon on Illite. Energy ¢ Fuels (2016).
11. Jin, Z. & Firoozabadi, A. Methane and carbon dioxide adsorption in clay-like slit pores by Monte Carlo simulations. Fluid Phase
Equilibria 360, 456-465, doi: http://dx.doi.org/10.1016/j.fluid.2013.09.047 (2013).
12. Liu, Y. et al. Molecular simulation of methane adsorption in shale based on grand canonical Monte Carlo method and pore size
distribution. ] Nat Gas Sci Eng 30, 119-126, doi: http://dx.doi.org/10.1016/.jngse.2016.01.046 (2016).
13. Ungerer, P, Rigby, D., Leblanc, B. & Yiannourakou, M. Sensitivity of the aggregation behaviour of asphaltenes to molecular weight
and structure using molecular dynamics. Molecular Simulation 40, 115-122, doi: 10.1080/08927022.2013.850499 (2013).
14. Yang, N,, Liu, S. & Yang, X. Molecular simulation of preferential adsorption of CO2 over CH4 in Na-montmorillonite clay material.
Applied Surface Science 356, 1262-1271, doi: http://dx.doi.org/10.1016/j.apsusc.2015.08.101 (2015).
15. Zhang, J., Clennell, M. B., Dewhurst, D. N. & Liu, K. Combined Monte Carlo and molecular dynamics simulation of methane
adsorption on dry and moist coal. Fuel 122, 186-197, doi: http://dx.doi.org/10.1016/j.fuel.2014.01.006 (2014).
16. Zhang, J. & Choi, S. Molecular dynamics simulation of methane in potassium montmorillonite clay hydrates. Journal of Physics B:
Atomic, Molecular and Optical Physics 39, 3839, doi: 10.1088/0953-4075/39/18/013 (2006).
17. Jin, Z. & Firoozabadi, A. Effect of water on methane and carbon dioxide sorption in clay minerals by Monte Carlo simulations. Fluid
Phase Equilibria 382, 10-20, doi: http://dx.doi.org/10.1016/j.fluid.2014.07.035 (2014).
18. Xiang, J., Zeng, F, Liang, H., Li, B. & Song, X. Molecular simulation of the CH4/CO2/H20 adsorption onto the molecular structure
of coal. Science China Earth Sciences 57, 1749-1759, doi: 10.1007/s11430-014-4849-9 (2014).
19. Refson, K., Park, S.-H. & Sposito, G. Ab Initio Computational Crystallography of 2:1 Clay Minerals: 1. Pyrophyllite-1Tc. The Journal
of Physical Chemistry B 107, 13376-13383, doi: 10.1021/jp0347670 (2003).
20. JingHoo, Lee & Guggenheim, S. Single crystal X-ray refinement of pyrophyllite-1Tc. Am Mineral 66, 350-357 (1981).
21. Szczerba, M., Derkowski, A. & Kalinichev, A. G. & Srodon, J. Molecular modeling of the effects of 40Ar recoil in illite particles on
their K-Ar isotope dating. Geochimica et Cosmochimica Acta 159, 162-176, doi: http://dx.doi.org/10.1016/j.gca.2015.03.005 (2015).
22. Gaudette, H., Eades, J. & Grim, R. In Clays Clay Miner. 13th Natl. Conf. 3348 (1966).
23. Cygan, R. T,, Liang, J. J. & Kalinichev, A. G. Molecular models of hydroxide, oxyhydroxide, and clay phases and the development of
a general force field. ] Phys Chem B 108, 1255-1266, doi: 10.1021/jp0363287 (2004).
24. Jorgensen, W. L., Madura, J. D. & Swenson, C. J. Optimized intermolecular potential functions for liquid hydrocarbons. ] Am Chem
Soc 106, 6638-6646, doi: 10.1021/ja00334a030 (1984).
25. Potoft, J. . & Siepmann, J. I. Vapor-Liquid Equilibria of Mixtures Containing Alkanes, Carbon Dioxide, and Nitrogen. AIChE
Journal 47, 1676-1682 (2001).
26. Lorentz, H. A. Nachtrag zu der Abhandlung: Ueber die Anwendung des Satzes vom Virial in der kinetischen Theorie der Gase.
Annalen der Physik 248, 660-661, doi: 10.1002/andp.18812480414 (1881).
27. Berthelot, D. C. R. Sur ur le mélange des gaz Hebd. Comptes Rendus Hebdomadaires des Seances de I'Academie des Sciences 126,
1703-1855 (1898).
28. Dubbeldam, D., Calero, S., Ellis, D. E. & Snurr, R. Q. RASPA: molecular simulation software for adsorption and diffusion in flexible
nanoporous materials. Molecular Simulation 42, 81-101 (2016).

SCIENTIFICREPORTS | 6:37579 | DOI: 10.1038/srep37579 9



www.nature.com/scientificreports/

29. Dubbeldam, D., Torres-Knoop, A. & Walton, K. S. On the inner workings of Monte Carlo codes. Molecular Simulation 39,
1253-1292 (2013).

30. Lemmon, E., Huber, M. & McLinden, M. REFPROP: Reference fluid thermodynamic and transport properties. NIST standard
reference database 23 (2007).

31. Gasparik, M. et al. First international inter-laboratory comparison of high-pressure CH4, CO2 and C2H6 sorption isotherms on
carbonaceous shales. International Journal of Coal Geology 132, 131-146, doi: http://dx.doi.org/10.1016/j.c0al.2014.07.010 (2014).

32. Connolly, M. L. Analytical molecular surface calculation. ] Appl Crystallogr 16, 548-558 (1983).

33. Connolly, M. L. Solvent-accessible surfaces of proteins and nucleic acids. Science 221, 709-713 (1983).

34. Macht, E, Totsche, K., Eusterhues, K., Pronk, G. & Gilkes, R. In 19th World Congress of Soil Science, Soil Solutions for a Changing
World. 1-6 (2010).

35. Liu, Y. & Wilcox, J. Molecular simulation of CO2 adsorption in micro- and mesoporous carbons with surface heterogeneity.
International Journal of Coal Geology 104, 83-95, doi: 10.1016/j.c0al.2012.04.007 (2012).

36. Mosher, K., Liu, Y. & Wilcox, J. The Impact of Pore Size On Methane and CO2 Adsorption In Carbon, Stanford University (2011).

37. Baksh, M. & Yang, R. Unique adsorption properties and potential energy profiles of microporous pillared clays. Aiche ] 38,
1357-1368 (1992).

38. Harries, J. E. The quadrupole moment of CO2, measured from the far infrared spectrum. Journal of Physics B: Atomic and Molecular
Physics 3, L150 (1970).

39. Ketelaar, J. & Rettschnick, R. The quadrupole moment of nitrogen deduced from the pressure-induced rotational spectrum of
nitrogen. Mol Phys 7, 191-193 (1964).

40. Mosher, K., He, J., Liu, Y., Rupp, E. & Wilcox, J. Molecular simulation of methane adsorption in micro- and mesoporous carbons
with applications to coal and gas shale systems. International Journal of Coal Geology 109-110, 36-44, doi: 10.1016/j.
c0al.2013.01.001 (2013).

41. Lowell, S., Shields, J. E., Thomas, M. A. & Thommes, M. Characterization of porous solids and powders: surface area, pore size and
density. Vol. 16 (Springer Science & Business Media, 2012).

42. Heller, R. & Zoback, M. Adsorption of methane and carbon dioxide on gas shale and pure mineral samples. Journal of
Unconventional Oil and Gas Resources 8, 14-24 (2014).

43. Macht, E, Eusterhues, K., Pronk, G. J. & Totsche, K. U. Specific surface area of clay minerals: Comparison between atomic force
microscopy measurements and bulk-gas (N2) and -liquid (EGME) adsorption methods. Appl Clay Sci 53, 20-26, doi: http://dx.doi.
0rg/10.1016/j.clay.2011.04.006 (2011).

44. Tan, Z. M. & Gubbins, K. E. Adsorption in Carbon Micropores at Supercritical Temperatures. ] Phys Chem-Us 94, 6061-6069 (1990).

45. Santos, J. M. & Akkutlu, I. Y. Laboratory Measurement of Sorption Isotherm Under Confining Stress With Pore-Volume Effects. Spe
J18,924-931 (2013).

Acknowledgements

We acknowledge the National Computing Infrastructure (NCI) national facility for a generous allocation
of computing time during the course of this work. We also gratefully acknowledge the financial support
from China Scholarship Council. This study was funded by National Natural Science Foundation of China
(41330313, 41272152, 41172134), the Fundamental Research Funds for the Central Universities (13CX05013 A,
15CX06013 A), Post-graduate Innovation Project (YCX2015002), Innovation Fund of CNPC (2011D-5006-0101)
and Scientific and technological research projects of Sinopec (p14068).

Author Contributions

Guohui Chen performed the GCMC simulations and wrote the main manuscript. Shuangfang Lu defined
(supervisor in China) the statement of problem. Junfang Zhang provide the main idea and help draft the
manuscript. Qingzhong Xue provided the Material Studio software. Tongcheng Han compared the simulation
results with experimental measurements. Shuangfang Lu, Haitao Xue (vice supervisor in China), Marina
Pervukhina (supervisor in Australia) and Ben Clennell (supervisor in Australia) confirmed designed and
supervised the project. Shansi Tian, Jinbu Li and Chenxi Xu processed data and plotted figures. All authors
reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chen, G. et al. Research of CO, and N, Adsorption Behavior in K-Illite Slit Pores by
GCMC Method. Sci. Rep. 6,37579; doi: 10.1038/srep37579 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:37579 | DOI: 10.1038/srep37579 10


http://creativecommons.org/licenses/by/4.0/

	Research of CO2 and N2 Adsorption Behavior in K-Illite Slit Pores by GCMC Method

	Methods

	Models. 
	Simulation details. 

	Results And Discussion

	The suitability of the simulations. 
	The impact of cation dynamics. 
	The impact of the pore wall thickness. 

	Gas distribution in pore space. 
	Interaction energy. 
	Excess adsorption. 
	The calculation and expression. 
	Effect of temperature and pressure. 
	Effect of pore size. 


	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ A snapshot of (a) type I and (b) type II simulation cells with carbon dioxide molecules in between.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The loading number of (a) CO2 and (b) N2 molecules in simulation cell with both rigid and dynamic K cations.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Comparison of the total loading number of (a) CO2 and (b) N2 in both type I and II simulation cells at the temperature of 363 K (90 °C).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The density profile of both CO2 and N2 at different pressures with varying pore sizes along z direction which is perpendicular to the clay surface.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The interaction energy between gas molecules (CO2 and N and clay with varying pore sizes.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Excess adsorption isotherms of (a) CO2 and (b) N2 obtained from simulations at the temperatures of 333, 363 and 393 K (60, 90 and 120 °C) with the pore size of 2 nm and the experimental measurements of CO2 adsorption isotherm on natural i
	﻿Figure 7﻿﻿.﻿﻿ ﻿ The excess adsorption isotherms of (a) CO2 and (b) N2 at the temperature of 363 K (90 °C) for the pore size of 2 nm.
	﻿Table 1﻿﻿. ﻿  Kinetic diameters of both CO2 and N2 molecules and specific surface areas of types I and II K-illite simulation cells.



 
    
       
          application/pdf
          
             
                Research of CO2 and N2 Adsorption Behavior in K-Illite Slit Pores by GCMC Method
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37579
            
         
          
             
                Guohui Chen
                Shuangfang Lu
                Junfang Zhang
                Qingzhong Xue
                Tongcheng Han
                Haitao Xue
                Shansi Tian
                Jinbu Li
                Chenxi Xu
                Marina Pervukhina
                Ben Clennell
            
         
          doi:10.1038/srep37579
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37579
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37579
            
         
      
       
          
          
          
             
                doi:10.1038/srep37579
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37579
            
         
          
          
      
       
       
          True
      
   




