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Role of Cations in the Methane/Carbon Dioxide Partitioning in
Nano- and Mesopores of Illite Using Constant Reservoir
Composition Molecular Dynamics Simulation

Narasimhan Loganathan,* A. Ozgur Yazaydin, Geoffrey M. Bowers, Brice F. Ngouana-Wakou,
Andrey G. Kalinichev, and R. James Kirkpatrick

ABSTRACT: We performed constant reservoir composition molecular
dynamics (CRC-MD) simulations at 323 K and 124 bar to quantitatively
study the partitioning of fluid species between the nano- and mesopores
of clay and a bulk reservoir containing an equimolar mixture of CO2 and
CH4. The results show that the basal (001) and protonated edge (010)
surfaces of illite both demonstrate a strong preference for CO2 over CH4

adsorption; that the (001) surfaces show a stronger preference for CO2

than the (010) surfaces, especially with K+ as the exchangeable cation;
and that the structuring of the near-surface CO2 by K+ is stronger than
that by Na+. The protonated (010) surfaces have a somewhat greater
preference for CH4, with the concentration near them close to that in the bulk fluid. The effects of the surfaces on the fluid
composition extend to approximately 2.0 nm from them, with the fluid composition at the center of the pore becoming essentially
the same as the bulk composition at a pore thickness of ∼5.7 nm. The preference of nano- and mesopores bounded by clay minerals
for CO2 over CH4 suggests that injection of CO2 into tight reservoirs is likely to displace CH4 into larger pores, thus enhancing its
production.

INTRODUCTION

Natural gas produced from shale and other tight reservoirs is
one of the most important resources for addressing increasing
global energy demand, and the injection of carbon dioxide into
these reservoirs has significant potential to enhance oil and gas
recovery and also to facilitate geological carbon sequestra-
tion.1−4 Clay minerals are important components of shales and
other tight formations,5,6 and because the pores in these rocks
are so small, interaction of the pore fluids (e.g., H2O, CO2, and
CH4) with clay surfaces plays an important role in controlling
the structural environments of fluid species, their partitioning
between pores of different sizes, and their transport proper-
ties.7,8 The behavior of water and cations at mineral surfaces
and in the nanoscale interlayer galleries of swelling clays has
been extensively studied experimentally and by computational
molecular simulations,9−20 and in recent years, there has been
increasing focus on the partitioning of CO2 and H2O into
expandable clay interlayers and how factors like mineral
composition, cation size and charge, and the saturation state of
the fluid phase impact the partitioning characteristics.21−41

Mixed CO2/CH4 fluids are of significant potential importance,
especially near injection wells, but little is known about their
mutual behavior in the nano- and mesopores in shales and
other tight formations. Most studies that address CO2 and
CH4 interactions are focused on their single-component
adsorption in the interlayers of expandable clay minerals

(smectites), which show a strong preferential adsorption of
CO2 over CH4.

42−45

There are only a handful of studies investigating CO2 and
CH4 with the surfaces of other minerals,46−48 including the
nonexpandable, high-charge clay mineral illite,8,49 which is a
very common component of shales. As for smectites, most
studies of illite have focused on the adsorption of single-
component fluids species, with the results again demonstrating
stronger preference of the basal surfaces for CO2 relative to
CH4.

46−50 Grand canonical Monte Carlo (GCMC) simu-
lations of Zhang et al.47 showed that the interaction between
K+ on the basal surface and CO2 plays an important role in the
adsorption of CO2 and that the strength of this interaction
decreases with increasing pressure. Similar GCMC studies by
Chen et al.46 suggested that the quadrupole moment of the
CO2 molecules could contribute to their interaction with the
oxygen atoms of the basal surfaces of illite. Gibbs ensemble
Monte Carlo (GEMC) simulations of mixed CO2/CH4 fluids
interacting with illite basal surfaces by Chong et al.48 showed
that CO2 strongly interacts with the surface, that the CO2
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adsorption increases with decreasing CH4 content in the bulk
fluid, and that the surface sorption increases linearly at low
pressures (<20 MPa) but reaches a plateau at higher pressures.
A recent experimental sorption study by Hwang et al.50 also
shows stronger interaction between illite and other clay
minerals with CO2 than with CH4 at 50 °C and pressures up
to 30 MPa. To our knowledge, neither there have been any
studies of the impact of pore thickness (distance between the
average positions of the centers of basal surface oxygen atoms
forming the pore, as shown in Figure 1) and different surface
cations on the interaction of CO2 and CH4 with illite,42−50 nor
have there been any systematic studies of the protonated
surfaces of the T−O−T layer broken edge sites, which can
contribute significantly to the total surface area of shales.
However, recent experiments of Wan et al.49 allowed them to
hypothesize that the frayed edges of nonswelling clays may be
responsible for the unexpectedly high CO2 uptake by such
clays.
We recently investigated the effect of pore thickness and

edge site vs basal surface on the CO2/CH4 partitioning and the
fluid structure on finite-sized Na-montmorillonite surfaces
using constant reservoir composition molecular dynamics
(CRC-MD) simulations.51 The results showed that CO2

adsorption dominates at both the basal and broken edge
surfaces and that the CO2/CH4 ratio in the pore fluid
approaches the bulk value with increasing distance from the
surface. In this paper, we present the results of CRC-MD
simulations of the partitioning and structural environments of
CO2 and CH4 in nano- and mesopores of illite with K+ or Na+

as surface charge-compensating ions, quantifying also the
differences in the near-surface structure between basal and
broken edge surfaces. The results show that the partitioning of
CO2 and CH4 between the bulk fluid (representative of the
composition in large interparticle pores) and the nano- and
mesopores is greatly influenced by the pore thickness and the
nature of the charge-balancing cations. Irrespective of the

cation, the basal and broken edge surfaces show a stronger
preference for CO2 relative to CH4, and the preference is
substantially greater than for Na-montmorillonite.51

The main objective of our study is to understand the
influence of the exchangeable cation on determining the
partitioning of supercritical CO2 and CH4 in nano- and
mesoconfined pores of the common clay mineral illite. A series
of CRC-MD simulation were performed with an equimolar
mixture of CO2/CH4 at 323 K and 124 bar to address the
partitioning behavior using illite particles with the pore
thickness ranging from 0.3 to 7.6 nm. In the following section,
we introduce the CRC-MD technique, describe how the
simulation cell and finite-sized illite particle are constructed,
and then describe the simulation details used to carry out this
study. In the Results and Discussion section, we present the
partitioning of CO2 and CH4 fluids with the increasing pore
thickness, discuss their structure, coordination with the
exchangeable cations, and their orientation near the pore
surfaces. In addition, the effect of broken edge sites in altering
the adsorption structure of the fluid species is also investigated.
The key important outcomes are summarized in the
Conclusions section.

METHODS

CRC-MD is a novel molecular modeling technique that
maintains a constant composition of the fluid in designated
volumes external to the pore (Figure 1) by applying self-
adjusting bias forces. This method has been used previously to
maintain constant chemical potentials of the fluid species in
modeling growth of urea crystals52,53 and to create a
concentration gradient across a membrane (concentration
gradient driven MD) for modeling gas separation and transport
of mixed fluid species.54 We have previously discussed the
advantages of CRC-MD over hybrid MC/MD approaches,
such as dual control volume grand canonical molecular
dynamics, in maintaining constant external fluid composition

Figure 1. Schematic representation of the simulation cells used in the constant reservoir composition molecular dynamics (CRC-MD) calculations
used here to study CO2/CH4 partitioning into pores bounded by illite basal surfaces. (a) The full simulation cell showing the different regions of
the models. (b) Enlarged image of the silt-like pore and finite-sized illite T−O−T layers. Color code: Siyellow; Ored; Alpink; Hwhite;
cations (K+/Na+)blue; CCO2

cyan; CCH4
black. Substrate atoms are represented by sticks and the CO2 and CH4 molecules and metal ions are

represented by balls. Pink arrows represent the bias forces used to control the fluid composition in the control regions. The directions of X- and Z-
axes are indicated by the arrows in the lower left.
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and for modeling dense fluids in which Monte Carlo exchanges
are difficult.54,55 Here, each simulation cell is composed of a
bulk fluid reservoir, two bias force regions, two composition
control regions, two transition regions, and the illite + pore
assemblage in the center (Figure 1). The concentration of the
fluid species in the control regions is maintained at target
values by forces in the bias force regions. These bias forces act
in such a way that if the instantaneous concentration of a given
species in a control region is different from the target
concentration, then molecules are moved from the control
region to the reservoir or moved into the control region from
it. A detailed explanation of the functional forms of the bias
forces and how they work can be found in the Supporting
Information and elsewhere.52,54 Our simulations used finite-
sized illite particles with the pore thickness between 0.3 and
7.6 nm that were placed between the two external reservoirs
with an equimolar CO2/CH4 ratio (Figure 1). The pore
thickness is defined as the distance between the average
positions of the centers of basal surface oxygen atoms
confining the pore (Figure 1b). The reservoir regions contain
equimolar mixtures of CO2 and CH4. Thus, both the basal and
protonated broken edge surfaces were investigated simulta-
neously. Surfaces with both K+ and Na+ were modeled to
investigate the effect of CO2 solvation energy of the charge-
balancing cation on the fluid behavior. Illite has K+ as its most
abundant interlayer cation, but it is possible that other cations
could exchange onto external surface sites, especially if the fluid
is a NaCl-rich brine.56,57 The pore dimensions used in our
study represent those of interparticle pores between finite-sized
illite particles. The interparticle pores can vary from few
nanometers to a few hundreds of nanometers, depending upon
the arrangement of clay particles.58 Based on our previous
studies with montmorillonite,51 the largest pore thickness (7.6
nm) used in our study is sufficient to depict both the near-
surface structure and the fluid structure and composition far
from the surface.
The finite-sized illite particle is based on ideal muscovite

with the total structural charge reduced 20% by including less
tetrahedral Al3+ for Si4+ substitution. Illite develops its
permanent negative structural charge principally by isomorphic
substitution of Al3+ for Si4+ in the tetrahedral sheet. The
structural formula of our model illite is M1.6

+(Si6.4Al1.6)(Al4)-
O20(OH)4.

59 The distribution of the Al3+ for Si4+ isomorphic
substitution has a quasi-disordered pattern that is in
accordance with Lowenstein’s rule, which forbids tetrahedral
Al−O−Al linkages.60 The simulated illite particle has finite
lateral dimensions of ∼7.30 nm × 4.14 nm along the
crystallographic a and b axes, with an orthorhombic unit cell.
To construct the finite-sized particle, the illite structure was
cleaved along (010), creating broken edge sites on that surface.
The dangling bonds of the tetrahedral Al3+ and Si4+ sites on the
broken edges were then saturated with single OH− groups,
whereas the dangling octahedral Al3+ sites were saturated with
one OH− group and one H2O molecule, resulting in a charge-
neutral edge surface. This illite particle has one (010) surface
exposing some tetrahedral Al3+ sites and one that exposes only
tetrahedral Si4+ sites. Further details about the edge site
structures can be found elsewhere.51

The illite particle is composed of three T−O−T layers and
two anhydrous interlayers. It exposes two external basal (001)
surfaces to the pore. The total simulated model including the
volumes occupied by the fluid has lateral dimensions of 30.0
nm × 4.14 nm (Figure 1). Because of the three-dimensional

periodic boundary conditions employed, only the broken
(010) edge surface plane and the basal surfaces bounding the
pore are exposed to the fluid. The pore thickness between the
external basal surfaces was varied from 0.3 to 7.6 nm. For
models with the pore thickness less than 1.0 nm, the charge-
compensating cations were placed initially at the midplane of
the pores. At larger pore thicknesses, these ions were placed
0.5 nm from each external basal surface, thereby allowing the
cations to choose their preferred adsorption sites during the
simulation run. The fluid molecules (CO2 and CH4) were
initially placed external to the illite particle at distances >∼3.0
nm from the two broken (010) surfaces. The total number of
fluid molecules in the entire simulation cell increases with the
increasing pore thickness to maintain the desired target
densities in the control region. The nonswelling illite
interlayers contain only K+ ions.
The partitioning of CO2/CH4 and density profiles for each

species near the particle surfaces are analyzed in three different
dimensions: (i) normal to the basal (001) surfaces bounding
the pore (z-direction); (ii) parallel to the broken edges in the
transition regions (along the z-direction); (iii) normal to the
broken (010) edges in the transition region (along the x-
direction). Similarly, the nominal location of the (010)
surfaces is defined as the plane containing the time-averaged
positions of the centers of the protonated oxygen atoms on the
surface. The orientation of the CO2 molecules and the nearest
neighbor coordination among different species on the basal
surfaces are analyzed with radial distribution functions (RDFs)
and probability density plots. In addition, the total fluid density
in the pores confined by basal (001) surfaces is calculated for
all pore thickness. In addition, we also calculate the total fluid
density which corresponds to the average total number of fluid
species (CO2 + CH4) over volume within the illite pore region.
Note, the volume of finite-sized illite pore region is computed
by considering the average positions of the centers of basal
(001) surface oxygen atoms bounding the pore in z-direction
and time-averaged positions of the protonated oxygen atoms
on either side of the particle as the lateral boundary limit along
x-direction (∼7.3 nm), in contrast to actual simulated cell
dimensions along y-direction (4.14 nm). Further details about
the analysis methods are described elsewhere.34−36,41,51

Molecular dynamics simulations in the canonical NVT
ensemble at 323 K were performed using the LAMMPS
simulation package.61 A Nose−́Hoover thermostat was used to
control the temperature.62 The interatomic interactions for the
illite were obtained from the ClayFF force field,63 and the
parameters for the broken edge sites were obtained from newly
developed metal−O−H bending potentials consistent with
ClayFF.64,65 The EPM266 and TraPPE-UA67 interaction
potentials were used to represent the CO2 and CH4 molecules,
respectively. More details about the interaction potentials can
be found in the Supporting Information. Three-dimensional
periodic boundary conditions were employed. A cutoff of 1.40
nm was used to compute short-range non-electrostatic
interactions, and the long-range electrostatic interactions
were computed using the particle−particle−particle−mesh
(PPPM) summation algorithm with an accuracy of 10−6.68 A
time step of 1 fs was used to integrate the equations of motion.
Each system was initially equilibrated for 15 ns, followed by
another 2 ns of data production with the atomic coordinates
recorded every 10 fs. Importantly, the movement of the clay
layers with respect to each other was restricted by fixing the
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positions of 18 octahedral Al3+ atoms in the simulated illite
structure (six per each TOT layer).
A modified version of the PLUMED 2.3.0 plugin was used to

apply the bias forces to maintain the fluid composition in the
control regions.69 The target CO2 and CH4 densities in the
control regions were set to two CO2 and two CH4 molecules/
nm3. At the simulated temperature of 323 K, the reference
target densities of fluid species in the control regions
correspond to a total fluid pressure of 124 bar, based on the
Peng−Robinson equation of state.70 These temperature and
pressure conditions are relevant to the upper part of the earth’s
crust and petroleum reservoirs. The width of the transition
regions, control regions, and the bias force regions were set to
3.0, 3.0 and 0.30 nm, respectively. The target compositions of
the fluid species, i, in the control regions were maintained
using the force constants ki

L = ki
R = 5000 kJ nm3/mol, which

are placed at the center of the bias force regions. The
compositions in the control regions were monitored at
intervals of 0.5 ps during the entire simulation. This procedure
maintained the desired composition in the control regions very
well (Figure S1).

RESULTS AND DISCUSSION

Pores Bounded by Basal Surfaces. The mole fraction
and number densities of CO2 and CH4 molecules in the pores
bounded by the basal (001) surfaces vary greatly with pore
thickness (Figure 2a,b). For both the K- and Na-surfaces, the

total fluid density
+( )N

volume of illite pore region

(CO2 CH4) increases rapidly

from a pore thickness of ∼0.4 nm, reaches a plateau at pore
thickness between 1.0 and 1.5 nm, and then decreases with
increasing pore thickness. There is a second plateau between
2.5 and 3.5 nm in the mole fractions for both models. With
both cations, at pore thickness less than 1.0 nm CO2 saturates
the pore, and there is a negligible amount of CH4. The CH4

molecules that do appear in the pore are concentrated
predominantly at the pore openings of the finite illite particle.
The CO2/CH4 ratio does not depend significantly on the
exchangeable cation, decreases with increasing pore thickness,
and slowly approaches but does not reach the bulk ratio of 2.0
molecules/nm3 even at a pore thickness of 7.6 nm. The large
CO2/CH4 ratio and its decrease with increasing pore thickness
are in good agreement with previous simulations that indicate a
favorable energetic interaction of CO2 molecules but not for
CH4 molecules with the basal surfaces of illite,46 and also
parallel the behavior of these species in pores bounded by the
smectite clay montmorillonite.51

With surface Na+, the results here show that significant CH4

content occurs at 0.75 nm pore thickness and that its mole
fraction increases almost linearly until the first plateau region
starting at pore thickness of 1.26 nm is reached. In contrast,
with surface K+, significant amounts of CH4 do not occur until
a pore thickness of 1.0 nm. As a result, the CO2/CH4 ratio
with K+ is approximately twice that with Na+ at a 1.0 nm pore
thickness. At pore thickness >1.0 nm, the CH4 content with K

+

increases gradually, reaches a plateau, and approaches the value
with Na+ at a pore thickness of 2.2 nm. The number density of
CO2 molecules is greater in the illite-bounded pore than in the
control region at all pore thicknesses studied, with maximum
values of 9.0 and 10.0 at a 1.0 nm pore thickness with K+ and
Na+, respectively (Figure 2b). At larger pore thickness (z > 2.5
nm), the number density of CO2 decreases significantly, in
contrast to CH4 which does not change much. Unlike CO2, the
number density of CH4 never surpasses the value of 2
molecules/nm3 in the control region.
These results are in good agreement with previous GCMC

simulation studies of K-illite in contact with pure CO2 or pure
CH4 at similar thermodynamic conditions46,47 and are
probably due to the favorable K+

−CO2 solvation energies.71

These observed changes strongly suggest that pores with
thicknesses of one to a few nanometers bounded by clay
surfaces have a significant preference for adsorption of CO2

relative to CH4, with the greatest preference exhibited by nano-
pores (<1 nm). Our results are also consistent with adsorption
energetics and gas sorption studies that show the clay minerals
prefer CO2 over CH4 under anhydrous conditions.50

Importantly, our results demonstrate that the exchangeable
surface cations affect CO2/CH4 partitioning only up to pore
thickness of few nanometers (∼4).
The probability density profiles (PDPs) of CO2 and CH4

normal to the (001) illite surfaces show that the structuring of
the fluid species near the pore surfaces is greatly different from
K+ compared to Na+ as the charge-balancing surface cation
(Figures 3 and S2). With K+, the PDPs of CO2 show three
discernable layers extending up to ∼1.8 nm from the basal
surfaces along with a shoulder near 0.4 nm. With Na+ there are
only three distinguishable layers. With both K+ and Na+, the
PDPs of CH4 show three layers extending up to 1.5 nm from
the surface. At larger pore thicknesses, the CO2/CH4 ratios are
large near the surface, gradually decrease with increasing
distance from the surface, and reach the composition of the
control volume at about 2.2 nm away from the surface. With

Figure 2. (a) Computed mole fractions of CO2 and CH4 molecules
and the CO2/CH4 ratios with K+ and Na+ as the exchangeable cation
on the pore surfaces as functions of pore thickness for pores bounded
by (001) surfaces. (b) Number density of the fluid species confined
within these pores as functions of pore thickness.
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K+ at a pore thickness of 0.78 nm, there is a broad peak for
CO2 and a poorly resolved CH4 maximum near the middle of
the pore (Figure 3). In contrast, with Na+, there are well-
defined peaks for CO2 near each pore surface, a well-defined
peak in the center of the pore, and a CH4 density maximum
near the center of the pore that is broader than with K+ (Figure
3). At a pore thickness of 0.94 nm, there are well-defined first
layers of CO2 and CH4 molecules at about 0.3 nm from the
surfaces with both K+ and Na+, but the CH4 density is
substantially smaller with K+ than with Na+. In addition, there
is a well-defined peak for CO2 in the center of the pore with
K+, but not Na+. At 1.09 nm, CO2 molecules form two layers at
each surface with both K+ and Na+, but the second peak with
Na+ near 0.4 nm is a less well-resolved shoulder. CH4 forms
layers about 0.35−0.38 nm from the surfaces for both
compositions, with those of the Na+ system being better
resolved. At a pore thickness of 1.24 nm, a third peak for CO2

and a second peak for CH4 near 0.63 nm begin to form the
center of the pore. Importantly, the intensity of the second
CH4 peak is greater than that of the first peak with both K

+ and
Na+. At 1.56 nm there are three peaks or shoulders for CO2

and two peaks for CH4 for both K+ and Na+ systems.
At pore thicknesses between 1.56 and 2.65 nm, in addition

to these peaks, with both K+ and Na+ on the surface, there are
the same near-surface peaks as at smaller pore thicknesses
along with a flat distribution for both fluid species in the center
of the pores. The CH4 density in the pore center is very similar
to that in the control region, whereas the CO2 densities are
much greater. At pore thickness >2.65 nm with K+, there is a
significant change in the structuring of the CO2 molecules, but
not the CH4 molecules, near the pore surfaces (Figures 3 and
S2). The second peak of CO2 becomes a shoulder on the peak
nearest the surface, most likely due to redistribution of CO2

between the near-surface layers. In addition, the CO2 densities
in the middle of the pore gradually decrease towards the
composition in the control volume. With both K+ and Na+ as
the charge-balancing surface cation, by 5.70 nm the fluid
structuring near the surfaces does not change with further
increasing pore thickness, and the CH4 and CO2 densities are
essentially the same in the center of the pore. At the largest
pore thickness studied (7.68 nm), with both K+ and Na+ the
CO2 peak maxima are at 0.3, 0.67 and 1.03 nm from the pore
surfaces and there is a shoulder at 0.45 nm only with K+. In
contrast, the peak maxima for CH4 occur at 0.33 and 0.65 nm
with both K+ and Na+ as surface cations, but the intensity of
the CH4 peak at 0.33 nm is substantially lower with K+ than
with Na+. The CH4 and CO2 concentrations in the centers of
the pores are very close to the composition in the control
volume (2 molecules/nm3). The CO2 and CH4 PDPs with K+

here are substantially different than those for an equimolar
CH4/CO2 ratio in the GEMC studies of Chong et al.,48 mostly
likely due to their use of cation substitution on the octahedral
sites, which is not commonly found in natural illites, in
contrast to the tetrahedral substitutions used in our work.
Their models also had a lower structural charge than ours.
Similarly, we attribute the difference in the PDPs of the first
layer CH4 with Na+ here compared to Na-montmorillonite
under the same thermodynamic conditions and fluid
composition to the lower structural charge and the octahedral
substitution in the montmorillonite.51

Irrespective of the exchangeable surface cation, the differ-
ences in the structuring of CO2 and CH4 near the pore surfaces
in our simulations are due to differences in their interaction

Figure 3. Computed probability density profiles (PDPs) of metal
cations K+ (orange), Na+ (green), CCO2

(violet) and CCH4
(magenta)

as functions of distance normal to the (001) surfaces of illite with
varying pore thicknesses. The vertical brown and blue lines represent
the positions of the oxygen atoms of the illite basal surfaces
coordinated to tetrahedral Si sites (Obblue) and tetrahedral Al sites
(Obtsbrown). Left and right columns represent the PDPs of models
with exchangeable K+ and Na+ on the (001) surfaces, respectively.
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with the basal surface oxygen atoms.51 Clay surfaces clearly
prefer CO2 to CH4. The differences in fluid structuring with K

+

and Na+, however, are due to differences in the solvation
energies of the cations by CO2.

70 Because K+ has a greater
affinity toward CO2 than Na+, the increased number of CO2

molecules in the fluid layer nearest the surface with K+ restricts
CH4 molecules from entering that layer. As with Na-
montmorillonite,51 there are two CO2 coordination environ-
ments on the (001) surface: (i) one OCO2

located above the

center of a ditrigonal cavity and the other OCO2
located 0.3 nm

above a Si/Al tetrahedron and (ii) the CCO2
relatively close to a

tetrahedral Si/Al site (0.45 nm). This fluid structuring is also
similar to that of CO2 in the interlayers of smectites.34−36,38 In
contrast, the absence of a well-resolved CH4 peak in the first
layer here shows negligible coordination with the surface.
These conclusions are in good agreement with the structure of
CH4 in nano- and mesopores of montmorillonite-bounded
pores under identical thermodynamic conditions.51

The PDPs of the exchangeable cations (K+ and Na+) are
greatly influenced by the increasing pore thickness. At
collapsed basal spacings (Figure 3), the K+ ions are located
at the midplane of the pore, whereas Na+ shows two peaks at
0.13 nm from each surface. At all other pore thicknesses, there
are two peaks for K+ and Na+, but their positions are very
different. The dominant peak for K+ is at 0.17 nm, and the K+

ions are located above the centers of ditrigonal cavities. The
minor K+ peak at 0.25 nm is located above Al tetrahedra. In
contrast, due to its smaller size, the dominant Na+ peak is at
0.05 nm, and the ions are located at the centers of ditrigonal
cavities sharing the same plane as the basal (001) oxygen
atoms. The second Na+ peak is at 0.20 nm, and these ions are
located near the Al tetrahedra. These results are in good
agreement with previous simulation studies of Na+ on the
surfaces of hectorite.13 Similarly, the location of the highest K+

peak (at ∼0.17 nm) is in good agreement with the results of
previous simulation studies of muscovite.72

The radial distribution functions (RDFs) and running
coordination numbers (RCNs) show clearly that both the K+

and Na+ ions are essentially all in inner-sphere coordination to
the basal oxygen atoms at all pore thicknesses studied (Figure
4a,b). The mean K+-Ob and Na+-Ob interatomic distances are
∼0.28 and ∼0.25 nm, respectively, and do not vary with the
varying pore thickness. Similarly, the cation-Ob RCNs only
increase from 5.2 to 6.0 (K+) and 5.4 to 5.9 (Na+) with
increasing pore thickness. The RDFs for CO2 show its direct
coordination to both cations (Figure 4c,d). Irrespective of the
pore thickness, the mean interatomic distances between the
cations and the nearest OCO2

are ∼0.30 nm for K+ and ∼0.25

nm for Na+. Similarly, the cation-OCO2
RCNs are ∼2.5 for K+

and ∼1.6 for Na+ at all pore thicknesses. None of the models
shows significant coordination between CH4 and the
exchangeable surface cations, even for short periods of time
(Figure 4e,f). The energetically favorable interactions between
K+ and CO2, along with the larger ionic radius of K+, are
responsible for its higher RCN values compared to Na+, which
are in excellent agreement with the relative CO2 solvation
energies of the ions and the results of our previous studies of
smectites.35,71 The interatomic distances between K+ and Ob

and OCO2
are in excellent agreement with previous simulation

studies at ambient conditions (298 K).47,72

The distributions of CO2 molecular orientations in the first
three layers near the (001) surfaces are quite different with K+

and Na+ as exchangeable cations, but both change from quite
structured in the first layer to nearly isotropic in the third layer.
The changes with the changing pore thickness show the
greatest structural variability at small pore thicknesses (Figure
5). With both K+ and Na+, the CO2 molecules in the first layer

(1L) are oriented predominantly parallel to the basal surface
and undergo librational motion around an axis perpendicular
to their O−C−O vector (Figure 5a,b). The values of 0 and ±1
for cos θCO2

correspond to CO2 orientations parallel and

perpendicular to the plane of the basal surface. The broader
distributions in the first layer (1L) with Na+ show that the CO2

Figure 4. Radial distribution functions (RDFs; solid lines) and the
corresponding running coordination numbers (RCNs; dashed lines)
of the indicated exchangeable surface cations (K+ and Na+) with the
fluid species and the basal oxygen atoms of the illite (001) surface at
different pore thickness.

Figure 5. Computed angular distribution of CCO2
molecules in each of

the first three layers near the illite (001) basal surfaces as functions of
the pore thickness with K+ (left) and Na+ (right). cos θCO2

is the

cosine of the angle between the O−O vector of CO2 molecules and
the normal to the (001) surface.
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molecules are in less restricted environments than with K+.
The more restricted orientations with K+ and the preferred
orientation of the CO2 molecules in the first fluid layer with
one of their O-atoms toward the K+ ions are well-illustrated by
the surface maps for the two 7.68 nm illite models shown in
Figure 6. These maps are sums of 2000 individual snapshots in
the production runs. Importantly, these orientation distribu-
tions at pore thicknesses <1.0 nm are in reasonable agreement
with the calculated distributions in the interlayers of
smectites.34−36,41 The CO2 orientation distributions in the
second layer (2L) are very different with both K+ and Na+

(Figure 5c,d), although both have much broader angular
distributions than in the first layer. With K+, the CO2

molecules undergo larger wobbling motion of their primary
axis with respect to the illite surface normal than in 1L and
have distributions with average values of +0.7 (45°) and −0.7
(135°), along with a small fraction parallel to the surface. In
contrast, with Na+ at the surface, the maxima in the
distributions of the CO2 orientations are parallel (0) and
perpendicular (±1) to the basal surfaces. These two
orientations suggest that CO2 molecules experience both
orientations, with the perpendicular orientation much more
probable. In the third layer, with both K+ and Na+ on the
surface, the distributions are nearly isotropic and almost
identical (Figure 5e,f). The differences between the K+- and
Na+-models in the first two layers are due to the Na+ ions
being pinned at the center of the ditrigonal cavities at the level
of the basal oxygen atoms and the K+ ions being on average
0.17 nm above basal oxygens. In addition to the preference of
CO2 for K+ relative to Na+, the position of K+ limits the
accessible, near-surface space for dynamic CO2 reorientation
and restricted motion extends into 2L (Figure 5b).
Broken Edge Surfaces. The PDPs of CO2 and CH4 on

the surfaces of the broken edge (010) surfaces of the clay
layers are qualitatively similar to those on the basal (001)
surfaces at large pore thicknesses (Figure 7) but are
quantitatively different. For both CO2 and CH4, the
concentrations in the near-surface layers on the (010) surfaces
are greater than in the control volumes, the concentration of
CO2 is greater than that of CH4, but the CO2 concentrations
are less and the CH4 concentrations more than on the (001)
surfaces. This latter result clearly indicates that the affinity of
CO2 for the protonated edge sites is weaker than for the basal
surfaces. This result is expected because with the charge-
neutral protonation state of the modeled (010) surfaces, there
are no exchangeable cations on them, and on the (001)
surface, interactions between CO2 and the exchangeable cation
appear to play a significant role. On the (010) surfaces, CO2

shows two well-defined layers centered at ∼0.30 and ∼0.65 nm

from the surface, with a poorly resolved shoulder at ∼0.15 nm.
CH4 shows two layers centered at 0.36 and 0.65 nm, the same
distances as on the basal (001) surfaces, corroborating the idea
that CH4 adsorption on silicate surfaces is nonspecific. The
exchangeable cation has no effect, with the location of the peak
maxima and the concentrations essentially identical with both
K+ and Na+. Similarly, the distributions are essentially identical
for surfaces containing both tetrahedral Al and Si sites and
those with only Si, as we observed previously for montmor-
illonite with no tetrahedral Al and mixed octahedral Al and Mg
sites.51 As at the basal (001) surfaces, the increased

Figure 6. Pictorial representation of relationships between the CO2 molecules in the first fluid layer (0.0−0.35 nm from the surface) with (a) K+

(left) and (b) Na+ (right) at the largest pore thickness studied (7.68 nm). Each image is the sum of 2000 frames in the MD production run and
illustrates the structural effects of the greater affinity of CO2 for K

+ than Na+. Color code: red and cyan sticks represent the O and C of CO2,
respectively; the exchangeable cations are shown as blue balls.

Figure 7. Computed PDPs of CCO2
(violet) and CCH4

(magenta) near

the broken and protonated (010) surfaces with K+ and Na+. The left
column represents the average concentrations within 1.50 nm of the
surfaces plotted parallel to them for the pore thicknesses shown at the
top of the box. (a) K+ and (b) Na+. Solid and dashed lines represent
the distributions on the left and right sides of the illite models. Green
dotted lines in (a) and (b) represent the plane of basal oxygen atoms
of the (010) surface. The right column shows the distributions normal
to the (010) surfaces. (c) K+ and (d) Na+. (e) The adsorption
environments of CO2 molecules in the shoulder region near the
protonated (010) surface (0.0−0.2) nm from the surface, comparable
to Figure 6. Red and white sticks represent the protonated edges of
the (010) surfaces. CO2 molecules are represented in red (O) and
cyan (C).
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concentrations with respect to the control volume extend to
∼2.0 nm from (010) surfaces (Figure 7c,d). We observe that
CO2 molecules in the shoulder region (∼0.15 nm) are
adsorbed in narrow channels closer to the fluctuating hydroxyl
groups and H2O molecules on the (010) edge sites. Figure 7e
(a sum of 2000 individual snapshots in the production run)
clearly shows that the volumes probed by CO2 molecules are
dictated by the orientation of the (010) edge site groups.
As expected, the fluid structure normal to the (010) edge

surfaces is independent of the pore thickness, since these
surfaces face the transition region and are the same for each
pore thickness investigated. Similarly, the PDPs of the total
CO2 within 1.5 nm of the (010) surfaces also demonstrate the
preference of these surfaces for CO2 (Figure 7a,b). In contrast,
there is no significant difference in the CH4 concentration in
this region and in the control regions. Notably, the
composition of the fluid directly above the center of the 7.68
nm pore is the same as in the control region, as also observed
in our previous simulations with montmorillonite.51 This result
suggests that the distribution of fluid species near broken edges
of clay particles is determined primarily by the nature of the
cleaved surface and associated protonation state and is not
greatly affected by the clay structural charge and the nature of
the exchangeable cations.

CONCLUSIONS

Computational molecular modeling of the interactions of an
equimolar mixture of CO2 and CH4 with the external (001)
and protonated (010) surfaces of illite with both K+ and Na+ as
the exchangeable cation on the (001) surfaces performed at a
temperature of 323 K and a total fluid pressure of 124 bar
shows that these surfaces have a strong preference for CO2

over CH4 as observed in the adsorption energetics and gas
sorption experiments.50 In general, the results are similar to
those of analogous calculations for the smectite mineral Na-
montmorillonite.51 Together these results suggest that small
pores in shales and other tight reservoir rocks bounded by clay
minerals greatly prefer CO2 and thus that injection of CO2 into
such rocks is likely to displace CH4 from small pores and
thereby enhance natural gas production. The calculations were
performed using constant reservoir composition molecular
dynamics (CRC-MD), which is proving to be a very useful
technique to model partitioning of fluid species between a bulk
reservoir and nano- and mesopores if the fluid species are
mutually soluble. Other important results include the
following.

(1) The (001) surfaces show a stronger preference for CO2,
especially with K+ as the exchangeable cation. The
solvation energy of K+ by CO2 is known to be stronger
than that of Na+.71

(2) The protonated (010) surfaces have a somewhat greater
preference for CH4 than the (001) surfaces, with the
concentration near the surface close to that in the bulk
fluid. In contrast, the CH4 concentration in the first fluid
layer on the (001) surfaces is less than in the bulk.

(3) The effects of the surfaces on the fluid composition
extend to approximately 2.0 nm from them, and the
composition of the fluid in the center of the pore
becomes essentially the same as in the bulk at a pore
thickness of approximately 5.7 nm.

(4) The orientations of the CO2 molecules near the (001)
surfaces vary greatly with distance from the surface and

are substantially different for surfaces charge-balanced by
K+ or Na+. Overall, the results confirm the preference of
nano- and mesopores bounded by clay minerals for CO2

over CH4. However, this competitive adsorption of CO2

and CH4 in illites may vary greatly in the presence of
H2O in natural geological settings because the hydration
behavior of the exchangeable cations varies signifi-
cantly.73 Understanding these effects is an objective of
future work.
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