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Molecular Dynamics Modeling of Carbon Dioxide, Water and
Natural Organic Matter in Na-Hectorite

A. Ozgur Yazaydin,*ab Geoffrey M. Bowers® and R. James Kirkpatrickd

Molecular dynamics (MD) modeling of systems containing a Na-exchanged smectite clay (hectorite) and model natural
organic matter (NOM) molecules along with pure H,0, pure CO,, or a mixture of H,O and CO, provides significant new
insight into the molecular scale interactions among silicate surfaces, dissolved cations and organic molecules, H,O and CO,
relevant to geological C-sequestration strategies. The simulations for systems containing H,O show the following results; 1.
Na' does not bridge between NOM molecules and the clay surface at protonation states comparable to near neutral pH
conditions. 2. In systems without CO, the NOM molecules retain charge balancing cations and drift away from the silicate
surface. 3. In systems containing both H,0 and CO,, the NOM molecules adopt equilibrium positions at the H,0-CO,
interface with the more hydrophilic structural elements facing the H,O and the more hydrophobic ones facing the CO,. In
systems with only CO,, NOM and Na' ions are pinned to the clay surface with the hydrophilic structural elements of the
NOM pointed toward the clay surface. Dynamically, in systems with only CO,, Na® diffusion is nearly eliminated, and in
systems with a thin water film on the clay surface diffusion perpendicular the surface is greatly reduced relative to the
system with bulk water. Energetically, the results for the systems with only H,O show that hydration of the net charge
neutral Na-NOM molecule outweighs the sum of its Coulombic and dispersive interactions with the net charge-neutral Na-
clay particle and the interactions of the water molecules with the hydrophobic structural elements of the NOM. The
aggregation of NOM molecules in solution appears to be driven not by Na® bridging between the molecules but by
hydrophobic interactions between them. In contrast, for the systems with only CO, the interaction between the Na-NOM
molecules and the CO, is outweighed by the interaction of NOM with the clay particle. With both H,0 and CO;, present, the
energetic interactions leading to the hydration of the Na-clay surface and the hydrophilic structural elements of the Na-
NOM molecule and the hydrophobic interactions between the CO, and the hydrophobic aromatic and aliphatic structural
elements of the NOM can both be satisfied, leading to the Na-NOM molecules migrating away from the surface and
residing at the H,0-CO; interface. The MD results suggest some alternative explanations for the previously observed “Na
NMR behavior of Na-hectorite at elevated temperatures and CO, pressures.

studies since at least the 1960s.> 2 The extent of metal-
NOM binding with a given substrate varies with the size,

composition and conformation of the NOM; the ionic strength

The interactions among minerals, aqueous solutions, and
organic- and bio-molecules are central to fundamental
understanding of global carbon balance; soil biogeochemistry;
plant nutrition; processes in sediments, soils, sedimentary
rocks, and the oceans; and the transport and fate of heavy

metals and radionuclides, anionic, organic, and pharmaceutical

1-13

contaminants. Flocculated natural organic matter (NOM) is

. . . . 14-16
also a leading cause of water filtration membrane fouling.

These interactions have been the focus of a wide range of
analytical, experimental, theoretical and computational
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and pH of the solution; the chemical properties of the metal;
and the metal/NOM compositional ratio.’> %> ?* In the natural
environment, binding of NOM to the surfaces of silicate
minerals is of particular importance to understand colloid
formation in natural waters and the chemical behavior in the
nanopores of organic rich shales.

Computational modeling has played an important role in
understanding the molecular scale interactions of organic- and
bio-molecules with silicate mineral surfaces. In early studies,
Shevchenko and Baileyn’ 25 ysed energy minimization and
molecular dynamics (MD) methods to study the interaction of
model bio-molecules with muscovite mica as a model for clay
minerals with and without water molecules present. More
recently, Sutton and Sposito10 undertook detailed molecular
dynamics (MD) studies of the interactions of the swelling clay
montmorillonite with NOM molecules with Ca’* as the charge
balancing cation. The results showed that the protonation

J. Name., 2013, 00,1-3 | 1
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state of the organic molecule plays an important role in
controlling the interactions with the mineral surface. For
models with protonated carboxylic groups (which typically
exhibit pK, values of 4 - 5), the NOM-mineral surface structure
is dominated by hydrophobic interactions that minimize the
coordination of the NOM molecule by H,O (see Sutton and
Sposito, 2006,10 for a detailed discussion). In contrast, in
systems with deprotonated NOM carboxylic groups more
closely approximating near-neutral pH conditions, partially
hydrated Ca’* serves as a bridge between the basal oxygen
atoms of the clay surface and the deprotonated oxygen atoms
of the NOM carboxylic groups.

Computational molecular modeling has also played an
important role in understanding the structure and aggregation
of NOM dissolved in aqueous solutions,'® 13 18 21, 22, 2532 550
important result of these studies is that the structural and
dynamical interactions between the charge balancing cation
and the deprotonated carboxylic groups of NOM molecules
depends greatly on the hydration energy of the cation. The
results show that Cs" prefers to coordinate to the carboxylic
groups as solvent separated ion pairs (outer sphere
complexes) Na', ca®, and Mg®" prefer to
coordinate to these sites as contact ion pairs.zg' 3 The average
residence time for cation coordination to the carboxylic group
varies over many orders of magnitude.zg’ 3 For Na' it is
between 0.02 and 0.05 ns, and for Ca®* of the order of 0.5 ns.
Mg2+ does not undergo any site exchange during 10 ns of MD
simulation. Aggregation of the model NOM molecules in
solution occurs in the presence of Ca** but not Na" or Mg®*.%*
3 This result is in agreement with previous experimental
observations for NOM fouling of water purification
membranes,14 and is consistent with the bridging between
montmorillonite surfaces and deprotonated NOM carboxylic
groups observed in the simulations of Sutton and Sposito.10

CO, is often an important component of geochemical
fluids, and its interaction with minerals and naturally occurring
organic material is especially important in potential geological
carbon sequestration Both experimental and
computational molecular modeling studies have shown that
CO, can enter clay interlayers,zs‘ 3445 and recent high pressure
and temperature nuclear magnetic resonance (NMR) studies
have suggested that NOM may enhance this interaction.® To
our knowledge, the only published computational molecular
modeling study of CO, in clay-organic systems is an MD study
of anhydrous Na montmorillonite with interlayer poly(ethylene
glycol) (PEG) and C02.42 These simulations showed that
although CO, is stable in interlayer galleries without PEG, it
prefers to coordinate to the ether oxygen atoms (-C-O-C-) of
PEG if it is present. The coordination environment of CO, with
and without PEG present is similar to that observed in
supercritical CO, and dry ice, although it is highly disordered
compared to the crystal structure. The results also show that
direct interactions between Na* and the mineral surface are
disrupted in the presence of PEG, which can effectively solvate
the Na’, but not in the presence of pure CO,.

This paper presents the results of a MD modeling study of
systems containing a smectite clay (hectorite) and model NOM

32
B whereas

scenarios.
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molecules along with pure H,O, pure CO,, or a mixture of H,0
and CO,. These simulations are directed towards natural
geologic situations and focus on understanding the interaction
of NOM with the exterior surfaces of the clay particles, since
NOM does not commonly occur naturally in clay interlayer
galleries. The results provide new insight into the molecular
scale interactions among silicate surfaces, dissolved cations
and organic molecules, H,0 and CO,.

Computational Methods

Our simulated hectorite model is based on the structure of
Breu et al.*® with Na* replacing Cs* as the counter ion and with
an octahedral Li+/Mg2+ ratio of 1/5 to reflect the composition
of the natural San Bernardino hectorite. ***® The full details of
the be found in previous
publication.49

For the NOM molecular fragment, we used the TNB
(Temple-Northeastern-Birmingham) model that is frequently
used in MD studies of NOM behavior in agueous solution.”® 3
052 This model incorporates three carboxylic groups, three
carbonyl groups, two phenolic groups, two amine groups, and
four other R—OH alcohol groups. It provides a good structural
and compositional analogue of the Suwannee River NOM that
is commonly used in experimental studies.*® 3% 3% 3032
Carboxylic groups are the most important interaction sites for
metal binding in many organic and bio-organic molecules and
are expected to be so for cation-NOM interactions.'” 23! To
model near-neutral pH conditions, our simulations involve
permanently protonated hydroxyl and amine groups with all
three carboxylic groups deprotonated at all times. This
protonation state gives a net -3 charge, which we balance by
initially placing 3 Na* cations near the carboxylic groups. The
overall formula of the NOM model is, thus, C350,6N,H37Nas
(Figure 1), but the Na* ions are not restricted to remain with
the NOM molecule.

Water molecules are represented by the flexible spc>
model. For CO,, a fully flexible model recently developed by
Cygan and colleagues for clay simulations were used.”® The
CIayFF54 and CVFF>® force fields were used for representing the
interactions for hectorite and TNB-NOM, respectively.
Lorentz-Bertholet mixing rules were used to evaluate the
interactions between unlike atom types.56

For our simulations we constructed a 4 layer thick Na-
hectorite slab consisting of 448 unit cells in a 14a x 8b x 4c
arrangement. The hectorite unit cell was originally triclinic, but
in the simulation, the slab was converted to orthorhombic
symmetry. This gave rise to a slab with a thickness of 77.221A
(Z direction) and side lengths of 73.361A and 72.754A (Xand Y
directions, respectively). Since our interest is in NOM
interaction with exterior surfaces, to reduce computational
time, no H,0 or CO, were included in the interlayer galleries.
In order to simulate a nanopore, we then created a void space
above the hectorite slab and placed one or two NOM
molecules on one of the hectorite surfaces. This structure is
comparable to that used by Greathouse et al.*’ to model
nanopores in clay-rich shale systems. In all the simulations the

hectorite model can our

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12



“ab Chemistry Chemical Pl

Journal Name

ARTICLE

Figure 1. TNB model of NOM shown from two different angles. Oxygen (red), Carbon (gray), Nitrogen (blue), Hydrogen (white), and Na* (purple).

NOM molecules were initially oriented with the carboxylic
groups facing away from the hectorite surface. For models
with two NOM molecules, the centers of the molecules were
separated by 20 A (Figure 2a). The void space was then filled
with H,0 and CO, molecules in three fluid compositions; pure
H,O (12,000 H,0 molecules), pure CO, (4,000 CO, molecules),
and a 2:1 molar mixture of H,O and CO, (8,000 H,O and 4,000
CO, molecules). In the case of the mixed fluid, water layers
were first created on both hectorite surfaces, and the
remaining void space was then filled with CO, molecules
(Figure 2e). Starting with this configuration saved us
considerable computational time, because starting from a
randomly distributed H,O and CO, mixture would have taken
an extremely long equilibration period for the H,O and CO, to
separate. Preliminary MD models starting with randomly
distributed H,0 and CO, molecules showed separation into
volumes of nearly pure H,O and CO, comparable to the
starting configurations here. All initial positions of H,O and CO,
molecules were generated using the PACKMOL package.58

All simulations used the DL_POLY4.05 molecular dynamics
simulation package59 and employed 3-dimensional periodic
boundary conditions, a 1 fs time step, and a 12 A cutoff
distance. Smoothed particle mesh Ewald summation was used
to handle electrostatic interactions. We first performed so-
called ‘Zero’ temperature MD simulations to relax the systems
in the NVT ensemble for 0.1ns. This is actually equivalent to a
dynamical simulation at low temperature. At each time step
the molecules move in the direction of the computed forces,
but are not allowed to acquire velocities larger than that
corresponding to a temperature of 10 Kelvin. After these short
relaxation simulations we performed 2ns of equilibration and
20ns of production simulations at 348.15 K and 130 bars;
conditions representative of the conditions in subsurface
geological reservoirs. The simulations were performed in the

This journal is © The Royal Society of Chemistry 20xx

anisotropic NPT ensemble with orthorhombic MD cell

simulations the Melchionna et al.
60, 61

constraints. In all
modification of the Nosé-Hoover thermostat and barostat
were used with 1 ps relaxation times for temperature and
pressure control. Radial distribution functions (RDFs) and plots
of atomic probability density perpendicular to the clay layers
(Z-density) were calculated over the trajectory generated
during the 20 ns production run. Mean square displacements
(MSDs) for 15 ns were computed using multiple origins

through the full production run trajectory.

Results

Z-density plots of Na*, NOM, H,0 and CO, molecules show that
the distribution of these species varies greatly with the fluid
present and that the structure can also be different with and
without NOM near the surface (Figure 3). In simulations with
pure CO, on the surface without NOM (left surface in Figures
3a and 3b), the Na® ions are all closely coordinated to the
surface, and the CO, has a damped periodic structure of low
and high density layers extending about 12 A into the fluid.
The high-density peak near the surface has a shoulder about 1
A further from the surface than the main peak. On the surface
with NOM (right surface in Figures 3a and 3b), the NOM
molecules occur in a near-surface region of highly structured
CO, molecules within about 7 A of the surface. During the
simulations, the NOM molecules reoriented such that their
hydrophilic side with deprotonated carboxylic groups is aligned
towards the hectorite surface. Na* ions coordinated to the
carboxylic groups of the NOM remained with the NOM
molecules at about 3 A from the surface (2"d blue peak on the
right surface). Analysis of the full trajectory shows that in the
simulations with pure CO, and two NOM molecules, the two
molecules did not aggregate.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Initial (a and b) and final (c and d) configurations of the system containing 2 NOM molecules and both H,0 and CO,. Views are presented looking down onto the clay
surface (a and c) and from the side (b and d). The full simulation box at the initial (e) and final states (f) viewed from the side are also presented with light yellow and green
particles showing the H,0 and CO, molecules, respectively. In a b, c and d, H,0 and CO, molecules are not shown for clarity. In the views looking down onto the clay surface, Na*,
Mg" and Li* (a and b) are omitted for clarity. Oxygen (red), silicon (yellow), carbon of NOM (black), nitrogen (light green), Na* (dark blue), Mg" (cyan) and Li* (pink)
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Figure 3. Z-density plots. In all figures the horizontal axis shows position in A, with 0 at the center of the central hectorite interlayer.
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In the simulations with pure water, the NOM molecules
diffused away from the surface and remained near the center
of the water layer approximately equidistant from the two
hectorite surfaces (Figures 3c and 3d). In the simulation with
two NOM molecules, the two molecules aggregated. This
aggregation appears to be driven by hydrophobic interactions,
because no Na' ions occur persistently between the two NOM
molecules. Importantly, in neither these simulations nor those
with pure water, there is no evidence for Na' cations bridging
the NOM molecules to the surface. As seen in previous MD
simulations of Na-smectite systems, most of the Na' ions
remained near the hectorite surface in outer sphere
coordination, and the water shows the typical damped layer
structure (see Morrow et aI.,49 for a review). Some of the Na*
ions, however, diffused away from the surface in association
with the NOM molecules to maintain local charge balance.

For the simulations with both H,0 and CO, (Figures 3 e and
3f), the CO, remains in the center of the fluid volume
equidistant from the two hectorite surfaces, and the water
and most of the Na* occur at the surface with essentially the
same structure as with pure H,0. The H,0-CO, interface is not
sharp but has a transition zone about 10 A thick (see insets on
the right hand side in Figures 3e and f). During the simulations
a few individual H,O molecules diffused into the bulk CO,, and
a few individual CO, molecules also diffused into the H,O layer,
even reaching the hectorite surface. The NOM molecules
diffused away from the surface and remained at the H,0-CO,
interface throughout the simulation (Figure 2f). The thickness
and structure of the H,0-CO, transition zone is essentially the
same with and without NOM present. During these
simulations, the NOM molecules flipped their orientation such
that their hydrophilic side with deprotonated carboxylic
groups was oriented towards the water layer and the hectorite
surface (Figure 2b and d). Some of the Na' remained
associated with the NOM molecules (see insets on the left
hand side in Figures 3e and f). In the simulation with two NOM
molecules present, the two NOM molecules aggregated early
in the simulation and always remained together (Figure 2a and
c). As with the pure H,0 system, NOM aggregation appears to
be occurring via a hydrophobic mechanism without any Na*
bridging.

The radial distribution functions (RDFs) between the
functional groups of the NOM molecules and the Na* ions and
H,0 and CO, molecules (Figures 4 and 5, and Tables 1 and 2),
and the RDFs between the surface Na' ions and the oxygen
atoms of the clay (Figure 6) provide additional insight into the
molecular scale interactions that control the structure
observed in the Z-density plots. As expected,29 the Na' ions
associated with the NOM molecules are dominantly found in
inner sphere coordination with the deprotonated carboxylic
groups (Figures 4a and 5a). A few also occur in inner-sphere
coordination with the oxygen or nitrogen atoms of the
carbonyl, hydroxyl and amine groups at interatomic distances
of ~ 2.3-2.8 A. The running coordination numbers at nearest
neighbor distances of less than 3 A are ~ 0.6 for the carboxylic
oxygens but are vanishingly small for the other functional
groups (Figures 4d and 5d). These values again demonstrate

6| J. Name., 2012, 00, 1-3

the importance of metal interactions with carboxylic groups at
near neutral pH conditions. RDF peaks in the 4 — 5 A range
represent Na® in outer sphere coordination with the various
oxygen and nitrogen sites. Well-defined peaks at longer
distances are probably the result of the NOM molecular
structure rather than specific interactions with individual
functional groups.29 There are some differences in the Na®
RDFs of the simulations with 1 and 2 NOM molecules, probably
reflecting the aggregation of the two NOM molecules in the
systems containing H,0. For instance, with two NOM
molecules the carbonyl peak at 2.4 A is more pronounced,
there is a new hydroxyl peak at 2.3 A, and the amine peak at
2.8 A present in the case of INOM is greatly reduced.

The RDFs and running coordination numbers between the
H,0 molecules and the NOM functional groups (Figures 4b and
e and 5b and e) reveal that H,O is coordinated to all functional
groups (in particular to the deprotonated carboxylic sites)
except the ether oxygen (RDF peak maxima between ~ 2.5 and
3.5 A). These nearest neighbor distances are typical of
hydrogen bonding (H-bonding), as expected for interactions
involving amine groups or oxygen atoms of H,0. The absence
of significant coordination to the ether oxygens is probably
due to steric hindrance, since the ether oxygen is located
almost at the center of the NOM molecule in a predominantly
hydrophobic region.

In contrast, the RDFs and running coordination numbers
between the CO, molecules and the NOM functional groups
show that CO, coordinates the carbonyl and hydroxyl oxygens
and the amine nitrogen but not the carboxylic groups (Figures
4c and f and 5c and f). This is due to the repulsion between the
negatively charged oxygens on the CO, molecules and
carboxylic groups and the orientation of the carboxylic groups
towards the water layer on the clay surface and away from the
CO,, as shown by the RDF (blue lines in Figures 4b and c, and
5b and c).

The RDFs and running coordination numbers between the
surface Na' and the oxygen atoms of the clay (Figures 6a and
b) show that in simulations with pure CO, the Na' ions are
strongly associated with the surface. The first peak is at 2.6 A,
which is approximately equal to half the distance between two
opposed oxygens in a hexagonal ring of silica tetrahedra on the
surface. The corresponding running coordination number of
about 6 A suggests that most of the Na' ions are trapped at
the centers of the hexagonal rings. The XY projections of the
surfaces from the final configurations of these simulations
(Figures 6¢ and d) confirm that the majority of the Na® ions are
located on these sites, with the remaining few displaced by
coordination to the carboxylic groups of the NOM molecule.
For the systems with pure H,0 or mixed H,0 and CO,, the RDFs
and running coordination numbers of Na* with the surface
oxygen atoms are consistent with the Na® being in outer
sphere coordination as already shown in the Z-density plots.

Analysis of the time dependences of the mean square
displacements of the Na' ions and their calculated self-
diffusivities (Figure 7, Table 3) show significantly different
diffusion behavior in the different systems. In the simulations
with pure H,0, the total MSD and the MSDs in the Z-direction

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. RDF plots between the functional groups of NOM and the Na* ions (a), oxygen of H,0 (b) and carbon of CO; (c); and the corresponding running coordination numbers (d,
e, and f, respectively) in the simulation with 1 NOM molecule containing both H,0 and CO,.

perpendicular to the clay surface and X and Y directions
parallel to it show relatively large, essentially linear increases
with time (Figure 7, blue and red lines). The displacement
parallel to the interface is significantly greater than that
perpendicular to it. This difference is due to the need for the
Na® to charge balance the negative structural charge of the

This journal is © The Royal Society of Chemistry 20xx

clay. The diffusion coefficients are of the order of 10® ecm?/sec,
as expected. In the simulations with both H,0 and CO, (Figure
7, green and purple lines), the Na' displacement in the Z
direction (Figure 7d) is greatly reduced due to the relatively
thin water layer on the surface. The MSDs in the X and Y
directions are only slightly smaller in comparison to the pure

J. Name., 2013, 00, 1-3 | 7
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Figure 5. RDF plots between the functional groups of NOM and the Na*ions (a), oxygen of H,0 (b) and carbon of CO,; and the corresponding running coordination numbers (c,d, e,
and f, respectively) in simulations with 2 NOM molecules containing both H,0 and CO,.

H,O case (Figures 7c and 7d), and

the calculated diffusion

coefficients are about 10% smaller than those in the pure H,0

system (Table 3). In the simulations with pure CO, the surface
Na” ions show no meaningful long-term MSD, because most of
them are trapped on the hexagonal rings due to their

insolubility in CO,.

8 | J. Name., 2012, 00, 1-3

Discussion and Conclusions

The results presented here provide important new insight into
the molecular scale mechanisms by which NOM interacts with

mineral surfaces and the influence that supercritical CO, under

Please do not adjust margins
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Table 1. Coordination numbers evaluated at 3 A from Figures 4. Table 2. Coordination numbers evaluated at 3 A from Figure 5.
Na (Figure 4a) H,0 (Figure 4b) CO, (Figure 4c) Na (Figure 5a) H,0 (Figure 5b) CO, (Figure 5¢)

Ocarboxyl 0.601 2.258 0.009 Ocarboxyl 0.712 2.076 0.008
Ocarbonyl 0.006 0.726 0.146 O carbonyl 0.032 0.758 0.124
Ohydroxyl 0.003 0.765 0.111 Ohydroxyl 0.145 0.770 0.093
Oether 0 0.062 0.002 Octher 0 0.064 0.001
Namine 0.009 0.182 0.010 Namine 0.003 0.175 0.007

C-sequestration conditions can have on this interaction. One
important conclusion is that in situations without CO,, Na*
does not play an important role in smectite-NOM binding
under near-neutral pH conditions with the carboxylic groups
deprotonated. In the simulations here, the NOM molecules
and the charge balancing Na' ions associated with them drift
away from the surface and remain deep within the fluid
nanopore for the entire length of the simulation. We note that
this could be different from more highly charged clay surfaces,

such as illite or those that develop charge in the tetrahedral
sheet by A" for Si** substitution. The energetic interactions
leading to this configuration for smectites include Coulombic
and dispersive (van der Waal’s) forces between all the
components; hydration of the Na* and the clay surface sites;
H-bonding involving the water, clay surface and the
protonated and deprotonated functional groups on the NOM;
and hydrophobic interactions involving the aromatic and
aliphatic parts of the NOM molecules. Evaluation of the
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Figure 6. (a) RDFs (b) and running coordination numbers for surface Na* and the basal oxygens of hectorite from all simulations; and final x and y coordinates of clay Oxygens (red
points) and Na" (blue points) from pure CO, simulations with (c) 1 NOM molecule and (d) 2 NOM molecules. Most Na" ions are trapped at the center of the hexagonal rings on the

basal surface of the hectorite (dashed lines).
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magnitude of these individual components is beyond the
scope of this paper, but it is clear that with only one NOM
molecule in the system, the hydration of the net charge
neutral NOM molecule with its associated Na® ions outweighs
the sum of its Coulombic and dispersive interactions with the
net charge-neutral Na-clay particle and the interactions of the
water molecules with the hydrophobic structural elements of
the NOM. The aggregation of the two NOM molecules in the
systems containing them appears to be driven not by Na®
bridging between carboxylic groups but by hydrophobic
interactions between the two NOM molecules with their
hydrophobic sides oriented towards each other to minimize
interaction with the water molecules.

The contrast between the pure H,O and pure CO, systems
is striking, with the NOM molecules and their associated Na*
residing only in the near-surface region when only CO, is
present. Here, the energetic interaction between the Na-NOM
molecules and the CO, is outweighed by their interaction with
the surface. By analogy with the hydrophobic interaction, one
can think of this as a carbonophobic interaction in which the
hydrophilic structural elements of the NOM molecules and the
hydrophilic Na-smectite surface seek to avoid interaction with
the CO,.

nical Pl

Journal Name

With both H,0 and CO, present, the energetic interactions
leading to the hydration of the Na-clay surface and the
hydrophilic structural elements of the Na-NOM molecule and
the hydrophobic interactions between the CO, and the
hydrophobic/carbonophilic aromatic and aliphatic structural
elements of the NOM can both be satisfied, leading to the Na-
NOM molecules migrating away from the surface and residing
at the H,0-CO, interface. This result also shows that direct
interaction of the hydrophobic regions of TNB-NOM molecule
outweighs the hydrophobic interactions between it and the
CO, layer.

Overall, the results here are consistent with the MD
modeling results of Iskrenova-Tchoukova et al.”® and
Kalinichev et al.* for Na-, Ca-, and Mg-NOM in aqueous
solution. Their results and those here show that Na* is
coordinated to deprotonated carboxylic groups of NOM as
inner sphere complexes. Their results over a 10 ns simulation
time, however, did not show aggregation of Na-NOM
molecules. Our simulations were longer (22 ns) and contained
fewer NOM molecules (2 vs. 8) and 4000 or 8000 more water
molecules, in addition to the clay particle. Our results are in
agreement with experimental data that suggest NOM
aggregation depends on the solution ionic strength and
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Figure 7. MSD plots of surface Na” ions; a) total MSD, and MSDs in the b) X, c) Y and d) Z directions, from Na-Hectorite simulations with pure H,0 and with H,0 and CO,.
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Table 3: Self-diffusion coefficients of surface Na* (cm’/sec x 10°)

with 1 NOM molecule with 2 NOM molecules

Hectorite-H,0 D,,,=1.66 and D,,=2.32 Dy,=1.68 and D,,=2.36
Hectorite-H,0-CO, D,,,=1.36 and D,,=2.04 D,,,=1.38 and D,,=2.08

activities of both the ions and NOM molecules. The results
here are also consistent with those of Sutton and Sposito10 for
NOM in the interlayer galleries of Ca smectite in that they
show the importance of hydrophobic interactions and cation
coordination to deprotonated carboxylic groups. The Sutton
and Sposito,10 Iskrenova-Tchoukova et al,29 and Kalinichev et
al*® results all point to the effectiveness of Ca®* in NOM
binding to mineral surface and to itself. Certainly the results
here suggest that Na' does not play a comparable role.

The results here for the H,0-CO, systems suggest that the
presence of CO, in C-sequestration reservoirs could lead to
mobilization of NOM by detachment from mineral surfaces
after CO, injection into a water saturated system, although
further experiment and modeling with other cations and NOM
models with different concentrations of reactive functional
groups is necessary to determine if this is a robust conclusion.

The results here also suggest explanations for the
previously reported in situ NMR observations for Na-hectorite
with and without surface- and interlayer-associated humic acid
(HA) at a temperature of 50 °C and a CO, pressure of 90 bars.*®
The spectroscopic observations were made on Na-hectorite
and Na-hectorite-humic acid systems with HA in a fully
protonated state that were initially equilibrated at 43%
relative humidity (equivalent to a mixture of 1 and 2-layer
hydrate layers), although the total system water content after
equilibration in scCO, is unknown. Thus, it is likely that our
MD simulations of the pure CO, environment and the H,0/CO,
mixture represent under-hydrated and over-hydrated end
members, suggesting that the MD results can shed significant
light on some of the molecular-scale effects observed
spectroscopically. For example, the 3C NMR results of Bowers
et al.*® support the idea of stable CO, incorporation in the
hectorite interlayers, a stronger CO, surface association when
HA is present, and perhaps greater scCO, incorporation in the
HA-bearing system. These conclusions are consistent with the
MD results showing a stable interaction of CO, with the clay
surface and its preferential association with the hydrophobic
regions of the NOM.

Our MD simulations also provide insight into the changes in
the Na NMR peak positions, line shapes and T, relaxation
rates reported in Bowers et al.*® The critical spectroscopic
results include an increase in the *Na signal intensity when
scCO, is present with and without HA, a shift to a more
positive peak maximum when scCO, is added to the HA
system, and an increase in the BNa T, relaxation rate
(decrease in the T, value) for two different observed T,
environments when scCO, is present with and without HA.
Bowers et al.”’ suggested that these changes are attributable
to an increased rate of molecular motion when scCO, is
introduced. This increase is expected to cause a reduced time-
averaged quadrupolar interaction for the BNa sites leading to
the signal intensity and position changes. It may also increase

This journal is © The Royal Society of Chemistry 20xx
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intensity of the power spectrum of fluctuations in the electric
field gradient at the Na® site at the BNa Larmor frequency,
leading to increased T, relaxation rates. However, the MD
results here suggest that neither NOM nor CO, lead to
substantial changes in the BNa diffusion rate or the residence
time in hydrated, proximity-restricted environments. These
results do not rule out the dynamical explanation offered in
Bowers et al.”® given the differences between the simulations
and experimental samples, but they do suggest alternative
explanations. For example, the MD results suggest that in the
absence of H,0, CO, forces Na* tightly onto the surface at the
centers of the ditrigonal cavities. This environment would have
a different symmetry than the octahedral, hydrated Na*
coordination environment, resulting in a different quadrupolar
coupling constant and potentially explaining the increased
signal intensity and change in the position of the peak
maximum. Such strong surface associations would also
increase the intensity of the dynamical power spectrum at the
Larmor frequency, causing the observed increase in T,
relaxation rate. This hypothesis can be tested using
experimental 19 NMR, since the chemical shift of the BE nuclei
found at the base of many ditrigonal cavities in the San
Bernardino hectorite is sensitive to cation penetration of the
cavity.62

The MD results also suggest the possibility that if scCO,
incorporation loss of H,0 prior to NMR data
acquisition, the only surviving H,0 in the system could be in
the hydration shells of the Na® ions due to its carbonophobic
nature. This could cause, for instance, Na" to occupy inner-
sphere coordination sites that would have different electric
field gradients and dynamical power spectra than outer-sphere
sites. Even if the Na* retained a fully hydrated outer sphere
coordination, the time averaged electric field gradient and
dynamical power spectrum could be affected if reorientation
of the hydration shell and exchange of water molecules
between it and the extended hydration environment change.
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