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Abstract

A combination of Monte Carlo and molecular dynamics simulations was carried
out to estimate mixed CO2/CHs adsorption isotherms on illite surfaces in the
presence of water. Three bulk phase mixture compositions are explored to study
the effect of concentrations on competitive sorption in illite bearing two
positions for the isomorphic substitutions. The computed isotherms are
compared with those predicted for dry systems to deduce the effect of water on
CO:2 and CHa interactions with the clay surfaces. The hydration of the counter-
balancing ions in pore space is studied to evaluate sorption-desorption
processes at the basal clay surfaces. Sensitivity parameters reflecting
preferential CO2/CHa sorption, density profiles, and surface occupancy times are
reported and analyzed.
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I. Introduction

Injection of CO; into depleted shale reservoirs is considered a promising method for
permanent CO; storage in geological formations that can be accompanied with the benefit of
enhanced natural gas recovery [1, 2]. To improve permeability, a shale reservoir is stimulated
with hydraulic fractures that, together with natural fractures and matrix pores, constitute
potentially available space for CO, storage. The presence of hydrocarbons and brine creates
complex interactions between those species, CO,, shale pores, and fracture walls. These
interactions control CO, storage and gas release, determine transport characteristics of the
mobile fluids, and affect sorption capacity of shale formations [1-4]. Of particular importance is
the capability of CO, to preferentially adsorb on organic matter (mostly represented by
kerogen) and on clay mineral surfaces to displace adsorbed methane [1]. Water can compete
with CH4 and CO; for adsorption sites on clays and alter the mineral surface properties. Besides,
water can also affect CO, interface density and thickness at supercritical conditions [5].
Characterization of CH4, CO,, and water interactions with clay minerals is a key factor to reliably
determine carbon storage, enhance gas recovery in shales, and predict reservoir performance.
Shales demonstrate a broad range of brine saturations in pore and fracture space from nearly
dry to condensate-rich shales or tight oil shale formations [6]. Montmorillonite (as a
representative of smectites), kaolinite, and illite compose a substantial portion of the shale
matrix with illite or interstratified illite-smectite as the dominant clay minerals [7-10].

At the atomistic level, theoretical studies of adsorption on clay surfaces generally use
grand canonical Monte Carlo (GCMC) simulations carried out at fixed chemical potentials
providing adsorbate concentrations in equilibrium with an external reservoir. Using GCMC
simulations, Kadoura et al. [11] studied the adsorption behavior of CHs, CO;, and their mixture
at 298.15 K and pressures up to 5 MPa in montmorillonite clays in the presence of water. They
reported adsorption isotherms and selectivity parameters in the presence of 0.4 and 0.2 g/cm3
of pre-adsorbed water content in 1.8 and 3.0 nm of basal doo1-spacing, respectively. The results
have shown that CO, uptake and its selectivity over CH4 increase with the increase of water
content in the interlayer that is attributed to the multilayer adsorption of CO; molecules in the

clay. In the presence of water, the CO,/CHa selectivity increases as the bulk phase pressure
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increases; the trend opposite to that is found for CO,/CHs selectivity in dry clay systems [12,
13]. At small interlayer spacings (1.4 vs 2.1 nm), the greater CO,/CHs selectively was related to
stronger CO; interaction with clay surfaces compared to methane molecules [13]. In other
GCMC studies, the effect of pre-adsorbed water on the adsorption isotherms of pure CO; and
CH4 was estimated for montmorillonite with pore sizes up to 4 nm at 298 K and up to 10 MPa
[14, 15]. Presence of water strongly affects the sorption capacity of clay and diminishes
absorption of both CO; and CHs forcing those molecules to form the second layer beyond the
water film adsorbed at the surface. The analysis of interactions of pure CO; and CHs with
montmorillonite surfaces has revealed that the adsorption of CHs and CO; are dominated by
dispersive force and electrostatic force interactions, respectively. Adsorption of water on clays
is sensitive to the presence of charge and its distribution within clay layers because it increases
electrostatic interactions between water dipoles and clay surfaces [16-20]. Tenney and Cygan
[21] used molecular dynamics (MD) simulations to investigate interfacial behavior and evaluate
contact angles for CO;-brine-kaolinite. The siloxane surface of kaolinite is reminiscent of basal
siloxane surfaces of illite and smectites except the absence of charge. The droplet geometry
indicates strong adhesion of the siloxane surface by CO; in the presence of brine, while a NaCl
brine droplet in supercritical CO; is strongly non-wetting on the same surface. Thus, the
hydrophobic clay surface of neutral kaolinite demonstrates more affinity towards CO, than
water molecules. On the other hand, Zhang et al. [22] studied CH4 adsorption isotherms in
kaolinite with moisture contents ranging from 0 to 5 wt% water by combined Monte Carlo (MC)
and MD simulations at 293.15 K and pressures up to 20 MPa. Adsorption of CH4 was gradually
suppressed by increasing water content with indications of preferential water adsorption over
methane on both gibbsite and siloxane surfaces.

Kumar [23] conducted supercritical CO, sorption measurements in dry and water-
imbibed illite clay at 50 °C and pressures up to 12 MPa. The water saturated illite sample
showed a strong suppression of CO, sorption compared to the dry sample (from 3.5 to 0.1
mmol/g clay). Busch et al. [10, 24] have performed the CO; excess sorption experiments at 45
°C and pressures up to 20 MPa on various clay samples containing mostly Ca-rich

montmorillonite, Na-rich montmorillonite, illite, and kaolinite in the dry and as received
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moisture state (water contents from 0.1 to 9.7 wt%). For the montmorillonite and illite samples,
higher sorption capacities were observed with the dry samples, whereas wet kaolinite exhibited
higher CO; sorption capacities than the dry clay at pressures above 7 MPa (for CO;, a transition
to the supercritical state is at Tc = 31 °C and P. = 7.38 MPa). Those experimental data of CO>
sorption on the clay mineral surfaces are in general agreement with the MC and MD simulation
data [11, 12, 25-27].

Loganathan et al. [28] recently reported CO,/CHa partitioning in montmorillonite pores
using constant reservoir composition molecular dynamics. They found that CO; is preferentially
adsorbed in pore space with the highest CO,/CH, ratio at a pore thickness of 0.6 nm. That ratio
is decreasing rapidly with an increase of the interlayer distance to the bulk phase CO2/CH4
compositions. Thus, CO; sorption on the clay minerals show a higher CO; selectivity and a
stronger interaction energy over methane indicating that CO, molecules can competitively
replace CHs molecules [11-13]. This suggests that, in shales with clay minerals constituting a
significant portion of rock matrix, CO2 injection can produce an additional methane volume. The
aqueous phase presence in pore and fracture space may significantly alter sorption/desorption
processes of the fluid mixture at the clay surfaces. Those competitive processes are accounted
through mixed adsorption isotherms [29] that can be used in reservoir simulators for more
realistic predictions of fluid mixture behavior in pore and fracture space of shales. The shale
samples show the broad range of pore size distributions from micro- (<2 nm), meso- (2-50 nm),
to macro-pore (>50 nm) with a majority of pore sizes falling within tens of nm [30]. Previous
simulation works used pore sizes below 4 nm to demonstrate a strong effect of the confining
environment induced by the adjacent clay surfaces on adsorption and/or were focused on
studies of pure CO; or CHs4 adsorption within narrow ranges of pressure regimes [11, 13-15, 22,
31-40].

The goal of this paper is to investigate preferential adsorption of the binary CO,/CH4
mixture, pure fluids, and the counter-balancing ions at illite surfaces in the presence of water in
meso-pore space at pressures up to 60 MPa and 355 K, the temperature corresponding to deep
shale formations. In our previous work, the mixed and pure isotherms on dry illitic surfaces

were reported mimicking the conditions in nearly dry shales [12]. Here, the moisture content is
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introduced in clay pore space to reproduce the residual water saturations existing in tight oil

and condensate-rich shales.

2. Methodology

Two illite clay structures are constructed using the wunit cell formulas,
KAl4(OH)a(Alo.5Si3.5010)2 and KMgAIl3(OH)a4(Sia010)2, which are distinguished by the location of
isomorphic substitutions either in the tetrahedral or octahedral layers, respectively. In nature,
the isomorphic substitutions are distributed between octahedral and tetrahedral layers in illite
clays depending of source, rock maturity, and other factors [41]. In this work, the unit cells of
the two limiting idealized illite structures are used to represent responses of clays with
predominant octahedral (O) and tetrahedral (T) substitutions to interaction of fluids in pore
space. Due to the tetrahedral-octahedral-tetrahedral (TOT) arrangement of each illite layer, T
substitutions expose the unbalanced charge at the basal clay surfaces, whereas O substitutions
are located further from the surface resulting in a weakened electrostatic field [42-44]. The illite
structures represent 4 x 2 x 1 supercells consisting of 328 atoms (8 of which are potassium
charge-balancing counter-ions) with a and b lattice distances equal to 2.08 nm and 1.84 nm,
respectively, under periodic boundary conditions. The basal doo1-spacing is set to 9 nm using the
orthogonal supercell for simplicity. K* counter-ions were evenly split to be initially located
above the basal surfaces and were able to move in the pore space. More details of the model
preparation can be found in our previous work [12].

Five CO2-CH4 compositions were explored (CO2:CHa mole fractions): 1:0, 0.8:0.2, 0.5:0.5,
0.2:0.8, and 0:1. For the mixed CO,-CHs systems within the Gibbs ensemble Monte Carlo
(GEMC) simulation framework, 1000 total (CO2+CH4) molecules were initially segregated into
bulk phase boxes (e.g., 800 CO, and 200 CHs molecules for 0.8:0.2) at starting volumes
consistent with each species’ bulk densities for the given temperature and pressure. A third box
represents the clay system with pre-seeded water content. In the cases with one pure bulk
phase (0:1 and 1:0), 500 initial molecules were introduced in a simulation box with gas phase.

500 molecules of pure CO2 and CHa were determined to be sufficient to closely reproduce bulk
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densities in the property database [45]. The description of the MC moves and acceptance
criteria used in the simulations can be found elsewhere [12].

For each of the five compositions and two illite clay structures, two concentrations of
pre-adsorbed water were studied that correspond to 10% and 30% of relative humidity (RH) in
bulk phase. Because water is intended to stay in the pore space, it does not participate in swap
moves between boxes and only performs translation and rotation moves within the clay boxes.
The counter-balancing cations also remain in the pore space and are allowed to have
translational moves within the clay boxes. The pre-seeded water concentrations were
determined using the GCMC simulation of water intercalation in clay pore space. Assuming, for
simplicity, that vapor is an ideal gas and using Equation (1) with a chemical potential for water
(-44.5 kJ/mol at 298 K and 1 atm with the TIP4P force field [46]) derived by Tambach et al. [47]
for RH 100%, the concentrations of water in the pore space were estimated to be
approximately 0.1 and 0.3 g/cm? for RH 10 and 30%, respectively. The water content is kept
fixed at these concentrations with the assumption that the carbon dioxide and methane do not

strongly impact the relative humidity in pore space.

sat  _
RH = 100 = exp (— W) (1)

where p3%,... and W,qcer are chemical potentials at saturated and undersaturated conditions,

respectively. At RH 30%, the density distributions of water indicate that the agqueous phase
occupies about 40% of total pore space which is close to an average value for wet shale
formations [6].

The clay structure, carbon dioxide, methane, and water molecules are described with
the ClayFF [48], EPM2-based [49], Tse-Klein-McDonald (TKM) [50], and TIP4P [46] force fields,
respectively. TIP4P, in a combination with ClayFF, provides diffusion coefficients, density
distributions, and structural orientations for water at montmorillonite and kaolinite siloxane
surfaces similar to the SPC model originally used for the ClayFF parametrization [48, 51]. The
TIPAP+EPM2-based force field combination delivers superior performance against the
SPC+EMP2-based one in predictions of transport properties of CO, in water [49]. A discussion
regarding the selection of the force fields for CO; and CH4 can be found in our previous paper

[12]. Due to the mixed force fields, undefined Lennard-Jones parameters for unlike pairs are
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derived through Lorentz-Berthelot combining rules [52]. The cut-off distances for van der Waals
and electrostatic interaction (Ewald summation) are set at 0.92 nm with a switching distance
starting at 0.82 nm.

The isotherms were calculated by GEMC simulations for pure CO, and CHs and their
mixtures at select relative humidity level up to 60 MPa at 355 K. After the densities and
energies have equilibrated, the final structures of the illite system at 1, 10, 30, and 60 MPa are
studied by MD to sample density profiles. For MD simulations, the illite systems with
intercalated species (after equilibration with GEMC) are replicated into 8 x 4 x 2 supercells. The
new dimensions become 4.16 nm x 3.68 nm x 20 nm. A Nose-Hoover thermostat [53] was
applied, and motion integration was calculated with a leap-frog algorithm [54]. Equilibration
was conducted for at least 10 ns with 0.5 fs timesteps and an additional 5 ns used for
production to collect data. The density profiles were composed of densities averaged over the
last nanosecond that were sampled every 5 ps. GEMC simulations were carried out with the
Towhee simulation package [55] and MD simulations were performed using the GROMACS
package [56]. Fig. 1 depicts the MD simulation system consisting of carbon dioxide, methane,
water, counter-ions residing between the clay layers. To ensure consistency between the
theoretical approaches used in the study, select radial distribution functions (RDFs) were
computed using both GEMC and MD methods, and those RDFs were found to give nearly

identical results [12].

3. Results and Discussion
3.1. Adsorption Isotherms

Total and excess adsorption isotherms were calculated in a similar way applied for the
dry systems [12]. Fig. 2 compares the total adsorption isotherms calculated for the dry clay
systems with those computed using RH 10 and 30%. At both RH levels, the total adsorption
shows higher densities for carbon dioxide than methane for the 0.5:0.5 mixture and pure
species. The total adsorption of CHs and CO; decreases with increases of RH indicating that the
presence of water molecules in the pore space diminishes the sorption activity of those

molecules. Fig. 3 displays excess adsorption isotherms for pure CO, and CHs in dry and wet illite
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systems using two types of the isomorphic substitutions. Since tetrahedral layers are exposed
to pore space, substitutions in those layers are expected to provide stronger interactions with
water dipoles or polarizable molecules like carbon dioxide than substitutions in octahedral
layers. Fig. 3 shows similar adsorption amounts for both types of isomorphic substitutions for
dry and wet systems at both RH levels. The low sensitivity of CO, and CH4 adsorption is
attributed to a screening effect of potassium ions coordinated at the surfaces [12] and
competition for sorption sites with water in the wet systems.

Figs. 4 and 5 display the mixed excess adsorption isotherms for CHs and CO; at three
compositions of the binary CO,/CHs mixture in a reservoir. At low pressures, the excess
adsorption increases reaching maxima around 10-20 MPa then decreases and even becomes
negative at high pressures suggesting that the densities at bulk phases become higher than
those in the pore space (Figs. 3-5). With an increase of water content, the isotherms
demonstrate the diminished excess adsorption of CHs and CO; because of the competition with
water molecules at the surfaces. Similar to the excess adsorption isotherm of pure CO; and CHg,
the mixed adsorption isotherms also show low sensitivity to the isomorphic substitutions (not
shown). Figs. 3 and 4 indicate that methane adsorption is suppressed by the water presence.
Regardless of composition, water effectively dampens maxima for pure CHs and mixed excess
adsorption isotherms. At pressures above 10 MPa, the excess adsorption isotherms are
negative in the presence of water suggesting that methane adsorption is unfavorable at the
clay surfaces.

Figs. 3 and 5 show the intriguing behavior of the pure and mixed CO; excess adsorption
isotherms demonstrating higher adsorption at RH 30% compared to the dry and RH 10%
systems at low pressures. That is an unexpected result given that the isotherms computed at
RH 10% display systematically lower adsorbed amounts than the system with RH 0% over the
entire pressure range. Thus, the introduction of residual water content at RH 10% provides
strong competition with CO, (and CH4) at the clay surfaces for adsorption sites. The reasons of
such anomalous enhanced CO; excess adsorption at low pressures and RH 30% are discussed in

the next section.
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3.2. Density Distributions

Fig. 6 shows the density distributions of the species in the pore space of illite with T
substitutions for RH 10% and 30% at 10 MPa. The density profiles for the systems with O
substitutions are similar to T ones (Fig. S1 in Supplementary Material). For both RH levels, water
preferentially adsorbs to the clay surfaces and forms films of 1-2 nm thickness. The carbon
dioxide and methane are expelled to the middle of the pore space and the density profiles
demonstrate peaks behind the density peaks corresponding to adsorbed water. For RH 10%,
the density peaks for CO, and CHs are clearly defined indicating that those molecules still
experience interactions with the basal clay surfaces. The increase of water content leads to the
widening of the water film thicknesses at the basal surfaces that suppresses CO, and CHa
adsorption and effectively further reduces the pore width available for CO; and CHs
intercalation. That reduction causes a remarkable shift in amount of intercalated CO; that is
guantified by the density profiles in the middle of pore space. Fig. 6 indicates that water films
provide the effect of confining environment inducing the increase of the CO, density in the
middle of the pore space from 150 / 300 kg/m?3 to 250 / 500 kg/m? for pure and 0.5:0.5 mixture,
respectively, as RH changes from 10% to 30%. That increase in the amount of CO; intercalated
in pore space explains why the excess adsorption isotherms displayed in Figs. 3 and 5 are the
highest for RH 30% at pressures below 10 MPa. Since the calculation of excess adsorption
implies subtraction of a bulk density, the increase of CO; concentrations in the pore space
would result in an increase in an excess adsorption value. Thus, at low pressures, the higher
excess COz adsorption at RH 30% compared to RH 0% and 10% is attributed to enhanced carbon
dioxide intercalation in the middle of the pore space, rather than to improved adsorption at the
surfaces (Figs 3 and 5).

Separate simulations with gradually decreasing pore widths and only pure CO; as an
adsorbent have revealed that at a pore width equal to 4 nm, the density profile in the middle of
the pore space increases to ~550 kg/m3 which is about 1.8 times larger than densities at larger
distances. That value is comparable to the CO; density in the middle of pore space at RH 30%
and 10 MPa. In other words, the CO; adsorption enhancement (or more precisely, intercalation

enhancement) computed at RH 30% and low pressures is similar to that induced by the
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confining environment of the adjacent surfaces. Adsorption amount increase upon the
interlayer distance decrease in clay minerals was reported in previous works by other authors
and attributed to the confining effect of the adjacent clay surfaces [28, 57, 58]. However, the
enhancement caused by residual water adsorbed at clay surfaces and effectively reducing the
available pore space for CO; intercalation to a critical width is first reported here, to the best of
the authors’ knowledge. Noticeably, the described effect of enhanced intercalation in clay pore
space is found for CO; only; methane does not demonstrate such a tendency at low pressures.
This could be related to a smaller pore width required to induce the confining effect for CHa.
For example, Yang et al. [59] found enhanced methane density in slit-like quartz pores with
widths below 3 nm, the value outside of pore width ranges considered in this work.

Above 20 MPa, the excess CO; adsorption at RH 30% falls below the values for RH 0%
and 10% (Fig. 3). Figs. S2 and S3 shows density profiles of the species in the pore space of
tetrahedral and octahedral illite systems, respectively, calculated at 30 MPa. The carbon dioxide
density in the middle of the pore space is estimated to be about 850 kg/m? for both RH levels,
similar to the density in the dry systems [12]. Consequently, the excess adsorption is reduced as
RH 0% > 10% > 30% due to diminished CO; adsorption and pore volume reduction due to the

presence of water (similar adsorption behavior is found for methane adsorption).

3.3. Selectivity Parameters

The selectivity parameters quantify the competitive adsorption in the form of
(xcoz2/xcha)/(ycoz2/ycha) where x and y are the mole fractions in the adsorbed and bulk phases,
respectively. Fig. 7 shows selectivity parameters estimated for 0.2:0.8; 0.5:0.5; and 0.8:0.2
CO2/CH4 compositions over 60 MPa of a pressure range for dry systems and RH 10%. The
selectivity with moisture content corresponding to RH 30% was excluded from the analysis
since the density profiles show very limited adsorption of CO, and CH4 at the surfaces (Fig. 6).
As a general trend, the selectivity decreases with pressure and reaches plateaux at high
pressures. At all compositions and pressures, the selectivity remains greater than one indicating
preferential adsorption carbon dioxide over methane. For dry systems, the selectivity is higher

at low pressures than the remaining pressure range. At low pressures, preferential carbon
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dioxide adsorption is more pronounced because of adsorption site availability. With increasing
pressure, the surface sorption capacity is “saturated” leading to reduced CO, adsorption
selectivity [12]. At RH 10%, water adsorbed to the clay surfaces occupies active sites that
otherwise would be taken by CO,. That causes decreased selectivity compared to the dry
systems especially at low pressures (Fig. 7). There is no apparent trend for the CO2/CHa
selectivity for the 0.2:0.8 composition at RH 10%. For the 0.5:0.5 composition, the selectivity
increases up to 5 MPa in line with Kadoura et al. [11] who reported increased selectivity for
CO2/CHa mixture in wet Na-montmorillonite (with a unit charge equal to -0.75e and 1/2 splitting
in T/O substitutions) up to 5 MPa. However, there are large uncertainties in the estimated
selectivity values originated from using the formula that includes four mole fractions bearing
their own standard deviations.

Analyzing Fig. 7 it can be deduced that up to 10-15 MPa the water adsorption and
limited capability of CO; and CHa4 to displace water molecules at the clay surfaces contribute to
the CO,/CHs4 selectivity declining. With further pressure increase the ratios of CO2/CHa
concentrations in wet pore space becomes converging to the ratios in dry systems and close to
one (in line with the results of Loganathan et al. [28]) indicating that the effect of the

preferential water adsorption on the adsorption selectivity is diminished.

3.4. Angle Distributions

The orientation of the carbon dioxide molecules in pore space is a sensitive parameter
reflecting interactions of those molecules with clay surfaces [57]. CO; adsorbed in clay pores is
typically oriented parallel to basal surfaces that provides favorable interactions of OCO atoms
with atoms of the hexagonal siloxane rings [60]. In this work, the last 1 ns out of the 5 ns
production period was used to analyze the snapshots every 5 ps. Fig. 8 shows the population
distribution of the angles formed by the line connecting two oxygen atoms of the CO, molecule
and the XY plane that fall within 0£20 degrees, i.e. the data captures the CO; molecules that are
parallel or close-to-parallel to the clay surfaces with O substitutions (the angle distribution is
similar for T substitutions and is not shown). Fig. 8 indicates that in the dry system, CO;

preferentially oriented parallel close to the clay surface. At RH 10%, the peaks showing a trend
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for CO, molecules to be parallel are shifted to the middle of pore space and diminished
reflecting weakened CO»-clay interaction because of water presence. At RH 30% water, CO;
molecules do not show a preferential orientation over the pore width because adsorbed water
films greatly reduce CO; interaction with the clay surfaces. The peaks of angle probability
distributions correlate with the density peaks for the corresponding density profiles showing
that CO; adsorption is accompanied with the trend for those molecules to stay parallel to the
illite surfaces. Thus, the shift of the CO; orientation at the clay surfaces from parallel in the dry
systems to bulk-like in the systems with RH 30% indicates progressively weakened CO

adsorption with increase of water content.

3.5. Adsorption and Hydration of K* at the Clay Surfaces

In our previous work, it was shown that the ions adsorbed at the dry illite surfaces
strongly affect CO, and CHa adsorption [12]. Placing ions in the middle of pore space leads to
increasing CO,/CH4 excess adsorption. Charged clay layers provide preferential interaction with
polar molecules like water due to strong electrostatic forces acting between molecular dipoles
and clay surfaces. On the other hand, water can fully hydrate adsorbed ions by participating in a
hydration shell. This process effectively removes both ions and water engaged in solvation from
competition with CO, and CH4 for adsorption sites. This section are dedicated to the analysis of
ion and water dynamics in the water films at two relative humidity levels.

The density profiles (Fig. 6) indicate that K* stays within the pore volume occupied by
water close to the illite surfaces suggesting that the ions can be either adsorbed at the surface
or fully solvated by water. K* ions adsorbed at the surface form inner-sphere (IS) complexes
where the ions are located near the centers of the hexagonal rings formed by the silicon atoms
linked together by basal oxygens and coordinated to basal oxygens [61]. Water oxygens
interacting with the ions create a partial hydration shell. K* solvation can also promote outer-
sphere (0OS) complexes where an ion is completely solvated by water molecules. To probe the
effect of RH on the dynamic transition of the ions from IS to OS complexation (and vice versa),
the K* residence time was calculated at the surfaces. The adsorption sites for K* are defined as

the centers of the hexagonal rings. The positions of K* ions were analyzed over the last 1 ns of
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the MD trajectories for dry and wet clay systems with pure CO; at 10 MPa. An ion is counted as
occupying an adsorption site if it is located within 0.37 nm from at least three basal oxygens.
That cutoff distance is taken as the value just beyond the first peaks of the ion-basal oxygens
RDFs which correspond to the ions adsorbed at the surfaces for all clay systems considered. The
number of the K* ions spending the same residence time (ps) in the adsorbed state was taken
as a ratio to the total number of the K* ions (64) in the systems and plotted in Fig. 9 using a 5 ps
residence time “bin”. It should be emphasized that an ion can leave the surface and be re-
adsorbed later. To account for this dynamic process, a computed residence time is the sum of
total time intervals a certain ion spends adsorbed over 1 ns of simulation time.

Fig. 9 shows residence times for clay with T and O substitutions and different RH levels
in the presence of CO2, which predominantly resides in the middle of the pore space (Fig. 6).
Separate analyses using methane reveals a similar residence time pattern indicating CO; and
CHa do not exert noticeable influence on the ion hydration. Fig. 9 confirms that the potassium
ions in the dry systems remain adsorbed at the surface. The presence of the water films induces
the potassium ions desorption from the surfaces and formation of the OS complexes. The
increase of water content (RH 30% vs 10%) shifts residence times to lower values meaning that
more ions spent their time solvated by water molecules. Using Fig. 9, it is calculated that within
500-1000 ps residence time frame for illite with O substitutions, 100% and 52% of the total ions
are adsorbed at the surface with RH 10 and 30%, respectively. For the clay systems with T
substitutions, those numbers are reduced to 69% and 33% meaning more frequent ion
desorption and longer survival times of the OS complexes compared to illite with O
substitutions. In other words, 2/3 of K* ions spend more than the half of the select simulation
time (1000 ps) as OS complexes at the surface with T substitutions. This correlates well with Lee
et al. [62] who, using resonant anomalous X-ray reflectivity, interpreted the IS K* coverage of
cleaved muscovite surfaces exposed to 3x103 molal K* aqueous solution, a concentration
sufficient to yield a cation coverage that nearly satisfies the negative charge of the muscovite
surface. The coverage of IS K* was estimated ~0.6 atom/unit cell area (60%) meaning that 40%
of ions can be assigned to OS complexes. The muscovite structure is similar to illite with T

substitutions except that the charge in tetrahedral layer is twice more compared to the systems
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used in this work. Assuming that larger charge per cell area promotes IS complexation, it is
understandable that muscovite demonstrates a pronounced IS motif. This finding also explains
the stronger adsorption of CO; in 1:0 (Fig. 3) and 0.8:0.2 (not shown) compositions at the
surfaces with T substitutions at RH 30%. The effect of ion adsorption is more pronounced for
CO; adsorption since CO; demonstrates stronger affinity to the clay surfaces than CHs [12].
More frequent K* desorption in the T-substituted systems is counter-intuitive since the
charge produced by an isomorphic substitution is located closer to an adsorbed ion in a
tetrahedral layer than in an octahedral one, therefore, providing stronger interaction with an
ion in the former case. Consequently, in Fig. 9, residence times are expected to be longer in the
clay systems with T substitutions than with O ones. For example, the analysis of Na* density
profiles in the interlayer space of COz-H,O-montmorillonite and CO2-H,0O-beidellite systems
carrying octahedral and tetrahedral charges, respectively, was reported in Ref. [16]. In
montmorillonite, the density profiles show a peak in the middle of the interlay space suggesting
that Na* forms OS complexes; in beidellite, the density peaks are at the surfaces meaning that
Na* forms IS complexes [16]. However, in that work, a doo:-spacing was equal to 1.55 nm or
~0.9 nm of the interlayer space meaning that the confining effect of the two adjacent clay
surfaces favors the IS complexation at T substitutions. In this work the species are adsorbed at
the clay surfaces in pore space with a width of 9.0 nm. There is no confining effect and since the
charge is split between two T layers, while it is localized in an O layer in the other system,
electrostatic interactions are diminished at the clay surface with T substitutions in a meso-pore
compared to interlayer of swelling clays. In this regard, it is interesting how sodium ions would
adsorb at the clay surfaces with O and T substitutions in the pore space used in this work. The
results reported in Supplementary Material show that the surface with T substitutions provide
greater tendency to form IS complexes with Na* than that with O ones at both RH levels
opposite to K* behavior. That is attributed to stronger Na* interaction to the clay surface with T
substitutions than O ones and a steep potential energy curve for an ion motion perpendicular
the surface. On the other hand, K* demonstrates a soft potential for interaction with the
surfaces and is more sensitive to greater availability of water molecules at the favorable

orientations promoting desorption of the ions at the surface with T substitutions.
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4. Conclusions

The adsorption of carbon dioxide, methane, and potassium ions on illite surfaces was
explored at the presence of water using a combination of GEMC and MD at 355 K and pressures
from 1 to 60 MPa. Five CO2/CH4 compositions, two isomorphic substitutions in illite clay layers,
and two levels of relative humidity were studied. The mixed adsorption isotherms in the 9 nm
wide pores revealed that the presence of water suppresses adsorption of CO; and CHa. The
water molecules preferentially adsorbed at the clay surfaces where they form water films and
limit access to carbon dioxide and methane to the adsorption sites. The excess mixed CO2/CHa
and pure CHa adsorption isotherms show near zero values for methane up to 10 MPa. With
further pressure increases, the methane adsorption became negative meaning no adsorption at
the clay surfaces. That is confirmed with analysis of the methane density profiles indicating no
adsorption peaks at the clay surfaces. Since the illite clay mineral is often a major component of
inorganic matter responsible for hydrocarbon sorption, the implication of this finding is that
enhanced gas recovery due to CO; injection in liquid-rich shales should be mostly limited to
desorption from organic matter represented by kerogen and gas displacement in pore space.
Moreover, CO2/CH4 adsorption isotherms obtained from experiments on dried crushed shale
samples or calculated for dry systems are valid only for shale formations with no or very low
moisture content and not applicable for wet shales since even 10% of relative humidity strongly
affects the behavior of these species at the clay surfaces.

At pressures up to 10 MPa, the excess adsorption for pure CO, and mixed isotherms in
clays with RH 30% demonstrates enhancement compared to the dry and RH 10% systems. That
enhancement is attributed to CO; density increase in the pore space induced by the water films
adsorbed at the clay surface. This is the consequence of the confining environment effect
where instead of reduced pore widths, the thickness of water films decreases the effective pore
width that promotes enhanced intercalation of COx.

The adsorption of the counter-balancing ions at the charged clay surfaces alters their
wettability and affects the mixed CO,/CHs and pure adsorption isotherms. Illite with T
substitutions provides better hydration and more frequent desorption of K* than illite with O

substitutions. The preferential K* desorption from the basal clay surfaces with T substitutions is
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attributed to availability of water at orientations promoting ion hydration. On the other hand,
the strong interaction of Na* and the clay surfaces with T substitutions is the main factor
determining more frequent Na* desorption from the clays with O substitutions. Regardless of
charge localization in clay layers, in the presence of water, K* ions spend more time adsorbed at
the basal surfaces than Na* ions in line with a typical behavior of potassium ions as swelling

inhibitors.
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Fig. 1. Schematic representation of the equilibrated clay/H20/ CO2/CH4 system at RH 10% and 10 MPa. The color
coding of atoms is purple, red, white, gray, yellow, pink, and green for K*, O, H, C, Si, Al, and Mg, respectively. For
clarity, the water molecules are shown as “balls and sticks” whereas the carbon dioxide and methane are

represented as colored lines.
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Fig. 2. Total adsorption isotherms for ternary H20/CO2/CHa mixtures on illite with tetrahedral substitutions using
RH equal to a) 0%, b) 10%, and c) 30% at 355 K. The black, green, blue, and red lines are for 1:0/0:1, 0.8:0.2,
0.5:0.5, and 0.2:0.8 molar fractions, respectively. The solid and dashed lines are for CO2 and CHa, respectively.
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Fig. 3. Excess adsorption isotherms for a) CO2 and b) CHs at RH 0% (black), 10% (blue), and 30% (red).
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Fig. 4. CHs excess adsorption isotherms for a) 0.2:0.8, b) 0.5:0.5, and c) 0.8:0.2 CO2/CH4 mixtures on illitic
surface with tetrahedral substitutions and RH 0%, 10%, and 30%.
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