Downloaded via PRINCETON UNIV on May 13, 2023 at 18:34:24 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

THE JOURNAL OF

2

ACS
AUTHORCHOICE

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Hydrophobic Solvation of Gases (CO,, CH,, H,, Noble Gases) in Clay

Interlayer Nanopores

Greeshma Gadikota',*’_l_ Baptiste Dazas,” Gernot Rother,”® Michael C. Cheshire,”

and Ian C. Bourg*’T

TDepartment of Civil and Environmental Engineering (CEE) and Princeton Environmental Institute (PEI), Princeton University,

Princeton New Jersey 08544, United States

*Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge Tennessee 37831-6110, United States

© Supporting Information

ABSTRACT: In the past few years, experimental studies have
shown that CO, is roughly S times more soluble in water-
saturated clay interlayer water than in bulk liquid water. The
fundamental basis of this selectivity remains unknown, as does
its relevance to other gases. Here, we use molecular dynamics
(MD) simulations and gravimetric adsorption experiments to
determine the solubilities of CO,, CH,, H,, and noble gases in
clay interlayer water. Our results confirm that clay minerals,
despite their well-known hygroscopic nature, have a significant
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hydrophobic character at the atomistic scale. The affinity of dissolved gases for the clay surface shows significant variations related
to the size and shape of the adsorbing molecules and the structuring of interfacial water by clay surfaces. Our results indicate that
dissolved gases likely do not behave as inert tracers in fine-grained sedimentary rocks such as shale and mudstone, as routinely
assumed in groundwater hydrology studies. Our results have implications for the fundamental science of hydrophobic adsorption,
for the use of dissolved gases as tracers of fluid migration in the subsurface, and for low-carbon energy technologies that rely on
fine-grained sedimentary rocks, such as carbon capture and storage, nuclear energy, and the transition from coal to natural gas.

B INTRODUCTION

The aqueous geochemistry of dissolved gases in sedimentary
rocks is a recurrent topic in groundwater hydrology studies. In
particular, it informs nobIe-gas geochemistry reconstructions of
subsurface fluid migration”” and model predictions of the fate
and transport of CO,, H,, and CH, in carbon capture and
storage,3_5 radioactive waste storage,é’7 and shale gas
extraction,”” three technologies with the potential to contribute
roughly half of global CO, abatement efforts over the coming
decades.'”"" Hydrologic studies in these areas invariably
assume that dissolved gases behave as inert tracers of fluid
migration in water-saturated rocks. The past few years,
however, have yielded increasing evidence that aqueous CO,
partitions preferentially into the interlayer nanopores of
smectite clay minerals,”>~'* the main contributor to the
specific surface area and nanoporosity of sedimentary rocks.'>'®
The mechanism of this partitioning remains unknown, as does
its relevance to gases other than CO,.

Molecular dynamics (MD) simulations have played an
important role in the science of hydrophobic solvation.'” >
In particular, MD simulations have shown that the free energy
of dissolution of gases in bulk liquid water (AGgigsolution) i the
sum of two terms: an entropic contribution associated with the
formation of a cavity sufficiently large to accommodate the gas
molecule (AGcmty > 0) and an enthalpic contribution
associated with attractive gas—water interactions (AGafﬁmty <
0). The first term is related to the probability P, that an empty
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cavity with a size sufficiently large to accommodate the gas
molecule exists at any given location in liquid water. The
second term reflects attractive van der Waals and Coulomb
interactions between the solute and water molecules.

Molecular dynamics simulations have also been extensively
used to ;)robe the interactions of water and solutes with clay
surfaces.”*™>” To date, however, few MD simulations have
specifically examined the behavior of dissolved gases near
hydrated clay surfaces. A significant fraction of these studies
have focused on gas coordination and dynamics, not adsorption
energetics.”””” The few studies that examined the adsorption
energetics of dissolved gases’* ™" predicted a strong preference
of CO,, but not CH,, for clay interlayer water compared to bulk
liquid water, as later confirmed experimentally.'”"> Molecular
dynamics simulation studies, however, have not yet been used
to examine the adsorption of gases other than CO, and CH, or
to elucidate the molecular-scale basis of the predicted
selectivity.

Here, we present MD simulations and gravimetric adsorption
experiments designed to examine the partitioning of gases of
interest in groundwater hydrology (CO,, CH,, H,, noble gases)
between bulk liquid water and water-saturated clay interlayer
nanopores. Our simulation results are consistent with
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experimental data on the solubilities and diffusion coeflicients
of gases in bulk liquid water.””™*" Our results reveal that
dissolved gases do not generally behave as inert tracers in the
presence of clay minerals. Instead, we find that clay surfaces
have a significant hydrophobic character at the atomistic scale,
as previously noted in the context of cation-exchange
selectivity.”»* This hydrophobic character is modulated by
the presence of exchangeable cations and by the templating of
interfacial water by the clay surface. Our results have broader
relevance to the adsorption of hydrophobic solutes (including
organic molecules)** at clay—water interfaces, for example,
during sedimentary rock diagenesis,” soil formation,* and
contaminant migration in the subsurface.”’

B METHODOLOGY

Molecular Dynamics Simulations. MD simulations were
carried out to examine the partitioning of dissolved gases
between clay interlayer water and bulk liquid water. The
simulated system is almost identical to that used by Tournassat
et al.*® Briefly, the setup consists of a stack of smectite clay
layers with 6-A-wide interlayer nanopores (two-layer hydrate)
in contact with a mesopore (Figure 1). Sodium montmor-
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Figure 1. Snapshot of the simulation cell containing three sodium
montmorillonite particles (two-layer hydrate) with interlayer nano-
pores in contact with a mesopore (0.6 M NaCl solution). Water
molecules are shown as red and white sticks; Na and Cl ions are
shown as dark and light blue spheres, respectively; and Ar atoms are
shown as large orange spheres.

illonite was chosen because nearly half of the sedimentary rock
mass consists of smectite or illite (often occurring as
interstratified smectite—illite layers) and the specific surface
area of smectite is much higher because of its swelling ability.
The two-layer hydrate was chosen because it is the major
hydration state of smectite in sediments and sedimentary rocks
at depths shallower than ~2 km.*”*° The simulated smectite
structure is a cis-vacant montmorillonite,”' the most widely
studied type of smectite clay mineral. Clay edges were cleaved
stoichiometrically along the (110) and (110) planes and healed
with —OH and —H groups in a manner consistent with the
expected edge surface protonation at near-neutral pH
conditions (zero net proton surface charge).**>* Isomorphic
substitutions of Mg for Al were randomly distributed in the clay
particles with the condition that side-by-side substitutions were
not allowed. Near-edge substitutions were avoided to minimize
uncertamtles assoc1ated with the parametrization of edge
surface sites.”® The number of isomorphic substitutions (114
in total) was selected to obtain a mean basal surface charge
density typical of montmorillonite (about —0.1 C-m~2).>* The

clay interlayers initially contained 114 Na® counterions as

required to balance the negative structural charge of the
mineral. The mesopores initially contained 40 NaCl ion pairs
(ionic strength I ~ 0.6 mol dm™) and five gas molecules (CO,,
CH,, H,, He, Ne, Ar, Kr, or Xe). The remainder of the pore
space was filled with 5796 water molecules.

Interatomic interactions were described using the SPC/E
water model,”* the Smith—Dang model of Na* and CI~,** the
CLAYFF modelS of clay atoms, and CLAYFEF- compatlble
parameters for clay edge O atoms.”® Gas molecules were
described using the noble-gas interaction parameters of Bourg
and Sposito,”” the EPM2 model of CO,,*® the OPLS-AA model
of CH,,” and the single-point H, model of Mondal and co-
workers.”’ Interatomic interactions between unlike atomic
species were predicted using the Lorentz—Berthelot combining
rules. Our choice of interatomic potentials (Table SI)
accurately predicts the structure and dynamics of water and
gases in pure 11qu1d water® " and of water in clay interlayer
nanopores®>*® at standard temperature and pressure.

Each simulated system (one for each gas species) was
equilibrated in the NVE ensemble for 50 ps and then in the
NVT ensemble for 240 ps as the simulation cell size was
adjusted slightly in the y direction to achieve a stress of P, = 0
in the bulk-liquid-like water region. The eventual simulation
cell size was 63.4 X 88.6 X 46.8 A* in most cases, with a slightly
smaller y dimension in the cases of Xe, CO,, and CH,. Each
system was further equilibrated for 5 ns and then simulated for
30 ns (with a 1-fs time step) in the NVT ensemble at 298 K.
Statistical errors were evaluated by dividing each simulation
into six 5-ns blocks and treating each block as an independent
replicate. Water molecules were kept r1g1d using the SHAKE
alogorithm.”” The clay structure was 6pt rigid and immobile,
as in most studies of similar systems,’>***” with the exception
of clay H atoms. Electrostatic and dispersion interactions were
computed in real space up to a distance of 15 A; long-range
electrostatic interactions were evaluated in reciprocal space
using the particle—particle particle mesh (PPPM) method with
an accuracy of 99.99%. Simulations were carried out using the
program LAMMPS” and analyzed using the program VMD”"
and in-house MATLAB routines. Simulation results were
analyzed to determine the coordinations, solubilities, and
diffusion coefficients of the gas molecules in the mesopore
(i.e., in bulk-liquid-like water) and in the interlayer nanopores.
For all calculations, the mesopore was defined as the region
where 70 < y < 85 A, and the nanopores were defined as the
region where 15 < y < 45 A.

Self-diffusion coeflicients D were calculated from the slope of
a plot of the mean-square displacement I* versus time using the
well-known Einstein relation (where n is the order of
dimensions)

2
D=L jm O
2n tooo  dt (1)

For use in eq 1, I* was calculated in three dimensions in the
bulk aqueous region (n = 3) and in the xy plane in the
nanopores (n = 2). The infinite-time limit in eq 1 was
approximated by calculating the slope of I* versus t at t = S0 ps.
The constrictivity coefficient gnuo = Dhanopore/ Dmesopore Was
calculated to quantify the extent to which confinement
influences diffusion.”®

The relative solubilities of gas molecules in nanopore and
mesopore water were calculated from the average atomic
density pg,, of gas molecules in the nanopore and mesopore
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regions, normalized to the density of water molecules in each
region

pgas,nano ‘water,meso

Knano =
pgas,meso pwater,nano (2)
Values of K, were used to determine the free energy

difference associated with the transfer of a gas molecule from
mesopore to nanopore water

AG = —-RT InK

meso—nano nano

©)

where R is the ideal gas constant (8.3145 J mol™ K™') and T is
the absolute temperature.

As noted in the Introduction, the free energy associated with
the dissolution of a gas molecule in liquid water is the sum of a
predominantly entropic contribution associated with the
formation of a hydrophobic cavity and an enthal})ic
contribution associated with solute—solvent interactions**”

AG + AG

A Gdissolution = cavity affinity

4)

The value of AG,g,y is the sum of contributions from van der
Waals and Coulomb interactions (AGafﬁnity = AG,gniyvaw +
AGafﬁmty‘Coulomb). The van der Waals contribution was calculated
as

/ - ¢Lj,ij(r) gij(r)r2 dr

i

AG gnity,vaw = E N, Z 4mp,
i j

()
where i and j represent each type of atom in the gas molecule of
interest and in the surrounding solid and liquid, respectively; N;
is the number of atoms of type i per gas molecule; p; is the
density of atoms of type j in the simulated system; gl-]-(rs is the
radial distribution function between atoms of types i and j in
the region of interest; and ¢by;;(r) is the van der Waals
interaction potential between atoms of type i and j, described in
our simulations by the Lennard-Jones 6—12 potential model
{gbLJ‘,j(r) = 481.]-[(6,-]-/ r)'* — (6,-}-/ r)¢], where &; is the minimum in
the attractive potential between atoms of type i and j and o is
the interatomic distance at whicl} 1y = 0}. The integral in eq
S was calculated up to 7, = 15 A. According to the interatomic
potential models used in our simulations, the value of
AG,ggnity,vaw is determined predominantly by interactions with
water and clay O atoms (O,, O,,) and, to a much smaller
extent, with Na* and Cl~ ions.

The Coulomb contributions for all gas molecules were
calculated using LAMMPS in the mesopore and interlayer
regions based on the relation

199

4re,

clay.

AGa\fﬁnity,Coulomb = Z

i Ty

(6)
where g, is the permittivity of a vacuum (8.8542 X 1072 C*J™!
m™') and g; and g; are the partial charges of atoms i and j,
respectively, in Coulombs. The sum is calculated for all atomic
pairs ij between atoms in the gas molecule of interest and atoms
in the surrounding fluid or solid within a cutoff distance of 15
A

The free energy associated with the formation of a
hydrophobic cavity was calculated by carrying out a S5-ns
simulation of our system with no gas molecules present.
Selected frames of the simulation (specifically, SO0 frames
obtained at 10-ps intervals) were analyzed to determine the

26541

probability P, that a sphere of radius 1., randomly placed in
the mesopore, would contain no atom. For consistency with
previous studies, we used a cavity radius of 1, = 1,6, + 1o,
where !/,0; is the Lennard-Jones radius of the solute and rg is
the crystalline radius of oxygen.””’* For methane, this equation
does not yield an adequate value for r,, because methane H
atoms make a significant contribution to the van der Waals
radius of CH,. Instead, we approximated 7 ,y,cH, @S "eavigy,cH, =
1 Heavitykr + 1y Meavityxer Decause predicted gas—water radial
distribution functions indicate that the effective radius of CH,
in our simulations is intermediate between those of Kr and Xe.
The resulting values of 7., (calculated with ro = 1.4 A”?) for
He, H,, Ne, Ar, Kr, CH,, and Xe are 2.790, 2.970, 2.793, 3.082,
3.212, 3.308, and 3.405 A, respectively. For CO,, we calculated
the probability that two randomly placed spheres of radius r_,
=1/,60c0c + 1o = 2.917 A (where O_ is a CO, oxygen atom

separated by the same distance as the two oxygen atoms in CO,
(2.3 A) would contain no atom. Finally, the value of AG_,, in
the mesopore region was determined for each gas solute as

AG,y = —RT In By

(7)

In the interlayer region, the probability P is a function not only
of cavity size but also of cavity location and, in the case of CO,,
orientation. For all solutes except CO,, the probability P, was
determined as a function of z, with a grid spacing of 0.25 A,
across all three nanopores. Then, AG,,, was calculated using
the relation

cavity

/7" R(z2) dz

interlayerwater (8)
where z,,;, and z,,, are the boundaries of the MD simulation
cell and AT erayerwater S the equivalent thickness of water
present in the interlayer region (total of 18.99 A in the three
nanopores).

For CO,, the probability P, associated with the test insertion
of a linear molecule in the nanopores was calculated for three
different orientations relative to the clay surface: 0°, 45°, and
90°. The overall probability P, was calculated as a weighted
average of the probabilities obtained for all three orientations,
with the weighting being by the probability that a randomly
oriented CO, molecule would form angles of 0—22.5°, 22.5—
67.5°, or 67.5—90°, respectively, with the clay surface.

Adsorption Experiments. Experiments were carried out
using a reference montmorillonite (SWy-1) obtained from the
Clay Mineral Society’s Source Clay Repository. The starting
material was dispersed in deionized (DI) water, sonicated for S
min, and centrifuged at 5000 rpm for S min and at 8000 rpm
for 40 min to separate the 0.3—1.0-um size fraction. The
purified montmorillonite was washed repeatedly with 750 mL
of 1 M NaCl solution to saturate the cation-exchange sites with
Na*. The homoionized material was then rinsed with DI H,O/
ethanol until chloride was no longer detected with a few drops
of a 1 N AgNO; solution. The resulting Na-exchanged SWy-1
montmorillonite was then dried at 105 °C. The clay sample was
hydrated at room temperature in a desiccator over water at ca.
85% relative humidity (RH) until a constant sample weight was
reached, indicating equilibration of the 2W hydration state.

Gas adsorption in clay interlayers was measured using a
gravimetric Rubotherm high-pressure magnetic suspension
balance. Temperature was controlled to 0.03 K using a
circulating fluid bath connected to a Pt-100 sensor near the
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sample. Pressure values were recorded using Keller Preciseline
transmitters with better than 0.1% full-scale (FS) accuracy.
Before each measurement, the sample and measurement device
were briefly evacuated using a Pfeiffer HiCube turbomolecular
pump stand. The resolution of the microbalance is 10 ug, and
its accuracy is better than 100 ug. All nonaqueous fluids used
were research-grade, with purities of 99.99% or better. We
measured the excess sorption of four nonaqueous fluids as a
function of fluid pressure: Ne and Ar at 293 K and CH, and
CO, at 308 K. Sample buoyancy was measured using helium,
because no adsorption of helium was measurable (as confirmed
by the linear decrease in sample weight with increasing helium
density). Neon adsorption was too weak to detect within the
uncertainty of the measurements. For Ar, CH,, and CO,,
significant sorption was detected on the hydrated clay sample.

Sorption of gases by hydrated clay samples can take place by
dissolution in interlayer water, but also on the external basal
surfaces of hydrated clay stacks (tactoids). Under the
simplifying assumption that dissolution in interlayer water is
the predominant uptake mechanism, the measured gas surface
excess 11, (moles of gas per gram of hydrated clay sample) yields
the interlayer gas density p,.,, (moles of gas per unit volume of
nanopore water) through the relation

pnano = ne(msample/mclay)/‘/nano (9)

where 1./ M g,y is the mass of sample (clay plus water) per
unit mass of clay (roughly 1.20 + 0.05 g g™ for the two-layer
hydrate of sodium montmorillonite) and V,,,, = 2.42 X 107*
dm® g7! is the volume of nanopore water per unit mass of clay
(calculated as V,,,, = '/ 2a,d,, where d, = 6.33 A as determined
below and a, = 765 + 15 m* g™!).°""*

In the case of CH,, the adsorption isotherm at 293 K (not
shown) displays a sharp jump between 0 and S bar followed by
a slower increase up to 150 bar, suggesting the existence of a
distinct low-capacity, high-affinity uptake mechanism at low
pressure. Based on the assumption that this low-pressure
uptake mechanism does not correspond to dissolution in clay
interlayers, we calculated interlayer gas uptake as 71 jnertayer = e
— n. where n.y is the contribution of the low-pressure
sorption mechanism estimated by linearly extrapolating the
three lowest-pressure 7, values to zero gas pressure. We used
calculated values of 71 jyeriayer instead of n in eq 9.

Interlayer gas densities calculated with eq 9 were used to
determine the free energy of gas dissolution in nanopore water
as

AGclissolu'cion,nzmo = —-RT ln(&ano /pbulk) (10)

where py is the density of the bulk gas phase. Finally, the free
energy of dissolution in smectite interlayers at trace gas
concentration was determined by linearly extrapolating the
values of AG isolutionnano at the three lowest fluid pressures to
zero fluid pressure.

B RESULTS

Diffusion Coefficients. Simulation predictions of the
diffusion coeflicients of gases in the mesopore and nanopores
are reported in Figure 2 and Table S2. The results are
consistent (with an average deviation of 8%) with experimental
data reported for aqueous solutions of 0—0.6 M NaCl at 298
K777 Experimental data on the D values of water and
solutes in clay interlayers are scarce®®”® but roughly consistent
with the predictions obtained in the present study within the
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Figure 2. Self-diffusion coefficients of gas solutes as a function of
solute radius. Solid black squares and open red squares show
simulation predictions in the mesopore and nanopores. Black crosses
show values measured in bulk liquid water.*"””

well-known sensitivity of MD simulations to the choice of
interatomic potential parameters”” "' and the flexibility and
surface charge density of the clay sheets.”>®> Experimental
values for gas diffusion in clay interlayers do not exist, to the
best of our knowledge, but previous simulation predictions®’
are consistent with our results. As expected, D values decrease
with solute size and are lower in the interlayer nanopores than
in bulk liquid water (Figure 2).

Values of g4, derived from our simulations (Figure S1)
show that nanoconfinement has a greater impact on the
diffusion of gases than on that of water. This is consistent with
the results described below, which show that gases have a
preference for specific sites in the nanopores (in particular, sites
located above the ditrigonal cavities of the siloxane surface) and
must overcome a free energy barrier to travel from one such
site to another, even in the case of gases such as methane that
have an overall negative affinity for the nanopores.*

Partitioning between Mesopore and Nanopore
Water. The density profiles of water, ions, and gases in the y
direction (Figure 3) indicate that different gases have different
relative affinities for interlayer water versus bulk liquid water.
This finding contradicts the assumption that dissolved gases
behave as inert tracers in water-saturated porous media. Gas
density patterns show oscillations that match the pattern of
hexagonal cavities on the clay surface, with an amplitude that
increases with the size of the solute. These oscillations strongly
suggest that gases are preferentially located above the hexagonal
cavities. The influence of the clay edges on the atomic density
profiles extends ~10 A away from the edges, both toward the
mesopore and toward the interlayers. The mesopore (y = 70—
85 A) and nanopore (y = 15—4S5 A) regions were defined to
avoid this transition zone between the two regions.

The average concentrations of water and solutes in mesopore
and nanopore water are reported in Table 1. Concentrations in
nanopore water require an arbitrary definition of the width of
the interlayer nanopores. Values reported in Table 1 are based
on the conventional choice of water as a reference nonadsorbed
species, which yields an average nanopore width of 6.33 A.
When the bulk fluid phase is humid air, water is known to
adsorb on montmorillonite.*> However, in studies where the
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Molecular density (mol dnr3)

y-coordinate (A)

Figure 3. Atomic density profiles of water, ions, and gases in the
direction normal to the clay edge surfaces. In the interlayers, local
density fluctuations are aligned with the pattern of hexagonal cavities
on the clay surfaces.

bulk fluid phase is liquid water, water is typically treated as the
reference nonadsorbed compound.53 Further, studies that
defined pore width from the perspective of the solid (i.e., as
the distance between the planes of siloxane oxygens minus two
times the radius of a siloxane oxygen) found that the interlayer
water density is essentially equal to the density of the bulk
liquid water, which is consistent with our choice of water as a
reference nonadsorbed species.””*

Our results reveal a nonmonotonic dependence of K,,,, on
solute radius (dark blue squares in Figure 4). The strong
preference of CO, for the clay interlayers is consistent with
previous experimental studies showing significant CO,
adsorption in the interlayer nanopores of hydrated sodium

Knano )
51 co,
a '
3 -
Ne Ar kr Xe
2 1 He :2 ‘ |
A A f = P
y J
n

0 T T T T T T "

1.4 1.6 1.8 2 2.2 24 2.6 2.8
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Figure 4. Partitioning coefficients of gas solutes between the mesopore
and interlayer nanopores (K,,,,), plotted as a function of solute radius.
Dark blue squares were determined from the atomic density profiles
(Table 1). Light blue squares were calculated based on hydrophobic
solvation theory (Table 3).

o 12,13,87,88 . . .
smectite """ and also with previous grand canonical Monte

Carlo (GCMC) simulation results yielding K, ,,, & 3—7 for the
two-layer hydrate of sodium smectite at 25 or 125 bar and 348
K.*° The relatively low affinity of CH, for the clay interlayers
also is consistent with previous simulation results.”’ Among the
other gases studied here, intermediate-size gases (Ne, H,) have
a preference for the nanopores, whereas smaller (He) and
larger (CH,) gases have a preference for the mesopore. Results
for Ar, Kr, and Xe show no clear selectivity.

Coordination of Gas Solutes. First-shell coordination
numbers of the gas solutes in the mesopore and interlayer
nanopores were determined to identify possible correlations
between coordination changes and the relative affinities of the
gases for the two aqueous phases. The results are summarized
in Table 2 and reported in full in the Supporting Information
(Table S3).

Our results on the coordination numbers of gases in bulk
liquid water are broadly consistent with previous studies.*” "'
In the mesopore, all gases tend to avoid ions (Ny, = 0.25—0.35
and N = 0.15—0.21). In the nanopores, the numbers of Na
and Cl neighbors change almost exactly as expected based on

Table 1. MD Simulation Predictions of the Average Concentrations of Water and Solutes in Mesopore and Nanopore Water

and Resulting Values of K,,,, and AG ¢ nano

Cmesopore (mOI dm_3)

Coanopore (mol dm™)

H,0 54.3 + 0.01 54.37

Na* 0.57 + 0.01 3.51 + 0.02
cl 0.57 + 0.01 ~0”

He 0.055 + 0.002 0.046 + 0.008
H, 0.039 + 0.002 0.060 + 0.014
Ne 0.039 + 0.005 0.081 + 0.011
Ar 0.055 + 0.008 0.070 + 0.020
Kr 0.049 + 0.011 0.041 + 0.017
CH, 0.068 + 0.003 0.025 + 0.007
Xe 0.038 + 0.015 0.054 + 0.031
co, 0.018 + 0.005 0.079 + 0.006

Kiano AGneso—nano (KJ mol™)
1.0 0
6.15 + 0.15 —4.50 + 0.06
n.d. n.d.
0.83 + 0.15 0.46 + 0.45
1.5§ + 0.37 —1.09 + 0.60
2.07 + 0.29 —1.80 + 0.35
1.28 + 0.36 —0.61 + 0.72
0.83 + 0.34 0.46 + 1.08
0.37 + 0.10 2.46 + 0.69
141 + 0.82 —0.85 + 1.65
437 + 031 —3.66 + 0.18

“Water is conventionally treated as a reference nonadsorbed species. “Interlayer CI~ concentration was not determined as these ions are almost

entirely excluded from the nanopores.*’
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Table 2. Numbers of First-Shell Oxygen Atoms (N;) of
Gases in the Mesopore and Nanopores

NO,mesopore NO,nanoporea rmaxb (A) "mmb (A)
He 14.5 + 02 16.8 + 0.2 (94, 7.4) 295 475
H, 154 + 02 174 + 0.2 (102, 7.2) 3.15 4.85
Ne 162 + 02 19.0 + 0.2 (10.6, 8.4) 3.15 4.95
Ar 19.1 + 02 21.9 + 0.2 (12.6, 9.3) 3.55 525
Kr 202 + 0.2 22.8 + 0.2 (13.3, 9.5) 3.65 535
CH," 21.1 + 02 23.7 + 0.2 (13.8, 9.9) 3.75 SA4S
Xe 223+ 03 25.1 + 0.2 (14.6, 10.5) 3.85 5.55
CO,° 20.0 + 0.2 22.7 + 0.2 (13.1, 9.6) 4.05 5.35

“Values reported in parentheses are the contributions of O,, and Og,,
atoms. Locations of the first maximum and minimum of the gas—0,,
radial distribution function in bulk liquid water (precision of +0.05 A).
Values of r,,,, were identical within 0.1 A for gas—QOyg,,. Values of 7,
were smaller by 0.06—1.0 A for gas—QOy,,. For consistency, we used the
same f,,, values (last column) to calculate all gas—O coordination
numbers. “For CH, and CO,, coordination numbers were calculated
based on the radial distribution functions of the C atom.

the difference in Na and Cl concentrations in the two regions
(Nna = 11-15, Ng = 0). With regard to the gas—oxygen
coordination number N, our results are consistent with X-ray
absorption fine structure (EXAFS) data showing that Kr has 20
water O neighbors® and are near the upper limit of the values
determined based on neutron diffraction results (Ar, 16 + 2,70
CH,, 19 + 2°'). Overall, as expected, predicted Ny values
increase with the size of the solute. For all solutes, N increases
by 12—17% upon transfer from the mesopore to the nanopore,
indicating that the loss of first-shell O,, neighbors is more than
offset by the gain of O,, neighbors.

Impact of Adsorbed lons on Gas Solubility in
Nanopore Water. It is well-known that the solubilities of
gases in NaCl solutions decrease with salinity.”””” This “salting-
out” effect, related to the exclusion of Na* ions from the
hydrophobic gas—water interface,”’ can significantly influence
the solubility of gases in clay interlayer nanopores because of
the high concentration of Na* in the nanopores (Table 1). To
quantify this phenomenon, we used the fact that the three
nanopores in our simulations have slightly different average Na*
concentrations (3.40, 3.65, and 3.75 mol dm™) because of
small differences in the average density of isomorphic
substitutions in each clay layer.

The relative gas concentrations in each interlayer (normal-
ized to the average value in the three interlayers) are plotted in
Figure S as a function of interlayer Na* concentration. The
salinity dependence of the free energy of gas dissolution in clay
interlayers, calculated as RT times the slope obtained by linear
regression of the data in Figure S, equals 1.3 + 0.8 kJ mol™!
My, on average for the largest noble gases (Xe, Kr, Ar) and
0.37 = 0.04 kJ mol™" My, ™" for the smaller gases (Ne, H,, He),
and is insignificant for the multiatomic solutes (CH,, CO,).

Entropic Contribution to Gas Solubility. Uncharged or
nonpolar gas solutes have a significant hydrophobic character;
that is, the penalty associated with the formation of a
hydrophobic cavity in liquid water (AG,) contributes
significantly to their overall free energy of dissolution.'”'®**
Predicted values of AG_,, in the mesopore and nanopores are
reported in Table 3. Plots of In P, as a function of ., (and
also, in the interlayers, as a function of z) are shown in the
Supporting Information (Figures S2—S4).

Values of AG,y, have previously been predicted from MD
simulations in the case of pure liquid water'”****> and NaCl
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Figure S. Relative concentration of each gas in the three interlayers,
plotted as a function of interlayer Na concentration.

solutions®”® but not in the case of water confined in
nanopores. Our results on the probability Py of finding an
empty cavity of radius r, in liquid water are in close
agreement with those of Hummer et al.”* and Garde et al.>° but
not with those of Sabo et al,”> perhaps because these authors
used a smaller value for the density of bulk liquid water.

The results reported in Table 3 indicate that AG ity nanopore <
AG itymesopore for small gas solutes (He, H,, Ne), whereas

cavitynanopore > AGeavitymesopore f0r Kr and larger gases. In
short, small cavities form more readily in clay interlayer water,
whereas larger cavities form more readily in bulk liquid water.
This transition is consistent with the pattern of ditrigonal
cavities (i.e., hexagonal rings of O,ay atoms with a radius of 2.6
A) on the siloxane surface and of a matching pattern of
interfacial O,, atoms.'**”

In the case of CO,, our calculations show that CO,-shaped
cavities forming angles of 0°, 45°, and 90° with the clay surface
have free energies of formation AG_,y = 29.7, 314, and 32.0 kJ
mol ™, respectively, that is, cavities sufficiently large to
accommodate CO, occur much more readily parallel to the
clay surface than at angles of 45° or 90° with respect to the clay
surface. The overall entropic penalty of CO, solvation in the
clay interlayers, AG_,, = 30.4 kJ mol ™!, is dominated by the
probability of formation of cavities parallel to the clay surface.

Enthalpic Contribution to Gas Solubility. As noted in
the Introduction, the free energy of dissolution of a gas in water
includes an enthalpic term AG,gy;, associated with attractive
van der Waals and Coulomb interactions between the gas
solute and its surroundings. Values of AG, g, in the mesopore
and nanopores are reported in Table 3. Additional details are
provided in the Supporting Information (Figures SS and S6).
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Table 3. Predicted Entropic (AG,,), Enthalpic (AG,gpy), and Total (AGgilution) Free Energies of Dissolution of Gases in
Mesopore and Nanopore Water and Resulting Free Energies of Transfer from Mesopore to Nanopore Water (AG, 0 nano)

mesrsopore nanopore

cavitjl AGafﬁniBi AGdissolugfn A cavitjl AGafﬁmDi AGdissoluiifm AGmeso—T no

(kJ mol™) (kJ mol™) (kJ mol ™) (kJ mol™) (&J mol™) (kJ mol ™) (kJ mol ™)

He 15.1 +£ 0.0 —-22 + 0.0 129 £ 0.1 143 + 0.2 —-2.6 + 0.0 11.7 £ 0.2 -12 + 0.2

H, 18.5 + 0.0 =29 + 0.0 15.6 + 0.0 18.1 + 0.3 =33+ 0.0 14.8 + 0.3 -0.8 + 03

Ne 152 + 0.0 =52 + 0.0 10.0 = 0.0 143 + 0.2 -5.9 + 0.0 84 + 0.2 —-1.6 + 02

Ar 209 + 0.0 —13.1 £ 0.0 7.8 £ 0.0 209 + 04 —15.0 +£ 0.0 59 + 04 -19 + 04

Kr 23.8 £ 0.0 —16.7 + 0.0 7.1 + 0.0 244 + 0.3 —19.1 £ 0.1 53 +04 —-1.8 + 0.4

CH, 26.0 + 0.0 —18.5 +£ 0.0 7.5 + 0.0 273 + 0.3 —19.3 +£ 0.0 8.0+ 03 0.5 +03

(~18.5/~0.0)" (~19.3/=0.1)

Xe 284 + 0.0 —-21.3 £ 0.0 7.1 +0.1 303 + 0.2 —24.5 £ 0.2 5.8 + 04 -13 + 04

CO, 28.8 + 0.1 —27.6 + 0.0 1.2 + 0.1 304 + 0.1 —-30.8 + 0.0 —-04 +£ 0.1 —-1.6 + 0.2
(—20.2/-7.4)" (-229/-79)°

“First and second numbers in parentheses are the contributions of van der Waals and Coulomb interactions, respectively, to AG gy

Our calculated values of AG,gyy, are close to those reported
in previous simulation studies of pure liquid water. More
precisely, our results differ by 0.9 + 1.5 kJ mol™’, on average,
from the values reported by Straatsma et al."® for Ne, Ar, and
Xe and by Chandler”” for CH,. Values of AG, gty reported in
Table 3 are dominated by van der Waals interactions with O
atoms in the water and solid phases and, in the case of CO,, by
Coulomb interactions. van der Waals interactions with Na* and
Cl” ions account for less than 1.5% of AG,gyy, in all cases.
Coulomb interactions are insignificant in the case of methane.
In the case of CO,, Coulomb interactions contribute
significantly to AG,g,y, in each phase, but they contribute
only minimally, —0.5 kJ mol™, to AG es—nanos indicating that
the affinity of CO, for the nanopores is not primarily driven by
polar interactions.

Overall, the contribution of AG,gu, t0 AGeomnano 1S
negative for all gases (ie., it favors gas entry into the
nanopores), predominantly because the solutes experience
more attractive van der Waals interactions with O atoms in the
nanopores than in bulk liquid water. This result is consistent
with the greater density of O atoms in the clay structure than in
water and with the greater first-shell gas—oxygen coordination
number N in the nanopores (Table 2).

Experimental Adsorption Data. The experimental results
on the uptakes of Ar, CH,, and CO, from a pure gas phase onto
a hydrated sodium montmorillonite sample at controlled water
content (two-layer hydrate) are shown as measured surface
excess (n.) and calculated free energy of dissolution
(AGgisolution) as functions of gas fluid pressure in Figure 6.
Each of the three gases has a significant solubility in interlayer
nanopore water that is commensurate with its solubility in bulk
liquid water. The strongest uptake was measured for CO,, in
agreement with our simulation predictions. The sharp
transition in CO, uptake at 80 bar corresponds to the phase
transition from gaseous to supercritical CO,. For Ar and CH,,
the experimental data show much weaker uptakes and steadier
pressure dependences of #,.

The conversion of the measured n, values to calculated
AG gisolutionnano Values relies on the assumption that gas uptake
occurs predominantly by dissolution in clay nanopore water.
This assumption is reasonable for CO, based on the preceding
results. For Ar and CH,, gas uptake in clay interlayers is
sufficiently weak that other processes might contribute
significantly to n,. The free energies of dissolution reported
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Figure 6. Uptakes of Ar, CH, and CO, by hydrated sodium
montmorillonite (two-layer hydrate) from a pure gas phase, plotted as
a function of gas pressure: (a) measured surface excess, n,, and (b)
calculated free energy of dissolution in clay interlayer water,
AGclissolution,rmm'

in Figure 6b, therefore, might constitute only lower boundaries
to the true values of AG goution,nano-

B DISCUSSION

Gas Solubility in Mesopore Water. The values of
AGgigolution i the mesopore reported in Table 3 are directly
comparable to previous experimental’’™*" and simula-

DOI: 10.1021/acs.jpcc.7b09768
J. Phys. Chem. C 2017, 121, 26539—26550


http://dx.doi.org/10.1021/acs.jpcc.7b09768

The Journal of Physical Chemistry C

tion' 7775719 regults on gas solubility in bulk liquid water

(Table 4). The experimental values of AGgioiution are more

Table 4. Predicted Free Energies of Dissolution of Gases in
Mesopore Water (AG gomutions KJ mol™') and Comparison
with Previous Experimental and Simulation Results

simulations (this study)  experiments®  previous simulations”
He 129 + 0.1 11.67/11.9* 7.1-7.6"
H, 15.6 + 0.0 9.8%%/10.2% 8.7-9.2%
Ne 10.0 + 0.0 11.2%/11.6* 9.0—11.8729%100,102
Ar 7.8 + 0.0 8.4%3/9.0%° 7. 8—10.27%9%100,102
Kr 7.1 £ 0.0 6.9%%/7.6% 6.6—8.572100,102
CH, 7.5 + 0.0 8.4%3/8.6% 771547298103
Xe 7.1 + 0.1 5.6%%/6.3" 338272100
CO, 12 + 0.1 0.9%/0.7% 0.2—4.4"7

“First and second listed values were reported for pure water and 0.6 M
NaCl solutions, respectively (or, almost equivalently, seawater).
Confidence intervals are +0.2 or less. *Previous simulation results
were obtained using the Widom particle insertion (PI) or
thermodynamic integration (TI) methods for gases in pure water or
1.0 M NaCl solutions using a range of interatomic potential models at
298 or 300 K.

positive by 0.4 + 0.2 kJ] mol™', on average, in 0.6 M NaCl
solution than in pure liquid water. Based on the data in Table §,

Table 5. Predicted and Measured Free Energies of
Dissolution of Gases in Clay Nanopore Water (A Gy omutions
kJ mol™)

simulations (this study) experiments (this study)

He 11.7 + 02
H, 148 + 03

Ne 84+ 02

Ar 59 + 04 62 + 03¢
Kr 53 + 04

CH, 8.0 + 03 48 +03%°
Xe 5.8 + 0.4

Co, —-0.4 + 0.1 03 + 03¢

“Confidence intervals on our experimental values were estimated from
the linear extrapolation to zero pressure and from the uncertainty in
Mample/ Mclay- bExperimental values for AGgiomtion Were calculated
under the assumption that dissolution in nanopore water is the
predominant mechanism of gas uptake on hydrated clay; comparison
with our simulation predictions suggests that this assumption is likely
incorrect in the case of CH,.

the salinity dependence of AGiution i 1.1 = 0.2 kJ mol™
My,q " for the large noble gases (Xe, Kr, Ar), 0.6 + 0.1 kJ
mol™" My, for the smaller monatomic gases (He, H,, Ne),
and almost zero for CH, and CO,. These values are close to
those derived from the results in Figure S, indicating that
adsorbed Na" in nanopore water and dissolved NaCl in bulk
liquid water cause remarkably similar salting-out effects in the
case of dissolved gases.

Overall, our simulations correctly predict the decrease in
AG giseolution With increasing solute size. > 340104 The predicted
free energies of dissolution of gases in bulk liquid water are
within 0.5—1.6 k] mol™ of the experimental values except for
that of H, This agreement compares favorably with the
precision achieved in previous MD simulation studies (with
differences as large as 4.9 kJ mol ™" in the case of Xe'®">1% and
7.6 kJ mol™! in the case of CH,).”*”® The significant scatter of

previous simulation predictions reflects the sensitivity of the
predicted energies to the choice of interatomic potential
parameters, as well as the difficulty of precisely predicting
AG gigeolution for larger gases, particularly in older studies.”” Other
details of the simulation predictions likely play a much smaller
role. For example, explicit treatment of gas polarizability
increases gas solubility in ambient liquid water by only ~1.0 kJ
mol™! for Xe and much less for the smaller noble gases.”” Long-
range dispersion interactions beyond the cutoff of 15 A, which
are neglected in our simulations, contribute less than 0.1 kJ
mol ™! to gas solubility according to the Born solvation model.”
Overall, the interatomic potential parameters used here yield
reasonable predictions of the energetics of gas dissolution in
water except in the case of H,.

Gas Solubility in Nanopore Water. The values of
AGgotion 10 the clay nanopores reported in Table 3 are
directly comparable to the results of our gravimetric adsorption
experiments in the limit of near-zero gas pressure (Table S,
Figure 6). Our simulation predictions and experimental results
on the solubility of gases in sodium smectite interlayer
nanopores are broadly consistent in the cases of CO, and Ar,
but they differ by ~3 kJ mol™ in the case of CH,. The
discrepancy observed for CH, suggests that methane uptake in
our experiments might be dominated by a process other than
dissolution in interlayer water.

Figure 7 provides a graphical summary of the solubility data
reported in Tables 4 and S. The figure highlights the rough

eac;dissolution (kJ mol)

H,
0
14{ He
™ Ne
a X
10. X n Ar CH4
[} : Krﬁ Xe
x5 R
6.
- X
2 1 Céoz
-2 T T T T T T 1
14 1.6 1.8 2 22 24 2.6 2.8
ro.. A

gas

Figure 7. Predicted (squares) and measured (crosses) free energies of
dissolution of gases in bulk liquid water (black) and interlayer water
(red), plotted as a function of solute radius. Error bars are smaller than
the symbols. In the case of the simulation predictions, the error bars
describe only the statistical error, not the systematic error associated
with the choice of interatomic potential parameters.

agreement (in most cases, within about 2 kJ mol™') between
the simulation predictions and experimental results on gas
solvation energetics in bulk and nanopore water. The only
major disagreements are observed in the cases of H, (for which
the use of a single-point model for H, is a possible source of
discrepancy) and CH, in clay interlayers. The figure indicates
that at least four gases (Ne, Ar, Kr, CO,) have greater
solubilities in clay interlayer water than in bulk liquid water.
Relative Solubility of Gases in Mesopore versus
Nanopore Water. The values of AG., and AG,gpy,
predicted in the present study (Table 3, Figure 8) provide
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insight into the fundamental basis of the gas partitioning
between bulk liquid water and clay interlayer nanopores. In
particular, our results show that the affinity term, AG,gyi,
always favors gas partitioning into nanopore water. This
attraction is strongly modulated by the entropic term, AG
which inhibits the formation of large hydrophobic cavities
(particularly large spherical cavities) at the clay—water interface
while facilitating the formation of smaller cavities.

The relative affinities of gases for the mesopore and
interlayer nanopores (AGeonano) Were calculated both
directly from the partitioning coefficient K,,,, (Table 1) and
indirectly from the values of AG_,;, and AG,g;, in each phase
(Table 3). The free energies calculated using the two
approaches are identical, within error, for H,, Ne, and Xe.
For the other gases, the two methods yield qualitatively
consistent trends but only rough quantitative agreement
(within ~2 kJ mol™'). The partition coefficients K
corresponding to both sets of values of AG
shown in Figure 4.

The differences between direct and indirect calculations of
AGe0nano have several possible origins. In particular, the
error bars in the direct calculations of AG,e0_nano (Table 1)
might underestimate the uncertainty of the predicted values if
the residence times of the gases in the nanopores or mesopores
are similar to or greater than the 5-ns time interval used to
estimate the statistical uncertainty of predicted values. A second
possible source of discrepancy, in the case of CO,, is that long-
range Coulomb interactions (beyond 15 A) are taken into
account in the direct calculations but not in the indirect
calculations. Despite these potential sources of discrepancy, the
similarity between direct and indirect values of AG,, e nano IS
sufficiently strong to suggest that gas dissolution in nanopore
water is well-described by hydrophobic solvation theory.

Implications for Gas Transport in Subsurface Environ-
ments. An important geochemical implication of our results is
that dissolved gases do not generally behave as inert tracers in
clay-rich sedimentary rocks. In particular, our results indicate
that Ne, Ar, Kr, and CO, likely have greater solubilities in the
pore space of fine-grained rocks than in bulk liquid water. This

nano

meso—nano are

finding might shed light on the observation that fluids in
sedimentary basins are often enriched in either heavy (Kr, Xe)
or light noble (Ne) noble gases or both.”'**'* Our results
might also provide insight into the presence of excess Ar in
layered silicate minerals such as biotite and gauconite, with
potential implications for K—Ar geochronology,'*”'*® and into
the uptake of He and Ne in amphibole, with potential
implications for the recycling flux of noble gases to the
mantle.'”” Finally, one implication of the present research is
that changes in nanopore width during sediment burial can give
rise to spatial and temporal variations in gas solubility.

B CONCLUDING REMARKS

The partitioning and diffusion behaviors of noble gases, H,,
CH,, and CO, in bulk liquid water and nanoconfined aqueous
fluids were determined using molecular dynamics simulations
and gravimetric adsorption experiments. Our results on the self-
diffusion, coordination, and solubility of gases in bulk liquid
water are broadly consistent with experimental data, with a few
notable exceptions. Our predictions on the relative solubilities
of gases in clay interlayer water compared to bulk liquid water
are consistent with hydrophobic solvation theory. Overall, our
results strongly suggest that dissolved gases do not generally
behave as inert tracers of fluid migration in the subsurface,
particularly in fine-grained sedimentary rocks. Instead, they
exhibit a distinct preference either for bulk-liquid-like water or
for clay interlayer nanopore water, with potential implications
for the interpretation of field-scale experimental results on the
migration of dissolved gases in clay-rich sediments and
sedimentary rocks.
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