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ABSTRACT

It is important to understand the properties of interfacial water at mineral surfaces. Since calcite
is one of the most common minerals found in rocks and sedimentary deposits, and since it
represents a likely phase encountered in reservoirs dedicated to carbon sequestration, it is
crucial to understand the behaviour of fluids on its surface. In this study, the impacts of sodium
chloride (NacCl), potassium chloride (KCI) and magnesium chloride (MgCl;) on the structure
and dynamics of water on the calcite interface were investigated using equilibrium molecular
dynamics simulations. Two force fields were compared to model calcite. The resultant
properties of interfacial water were quantified and compared in terms of atomic density
profiles, surface density distributions, radial distribution functions, hydrogen bond density
profiles, angular distributions, and residence times. Our results show the formation of distinct
interfacial molecular layers, with water molecules in each layer having slightly different
orientations, depending on the force field implemented. The fluid behaviour within the first
interfacial layers differs from that observed in bulk water. There was a tendency for water
molecules in adjacent layers to form hydrogen bonds between each other or the surface, as
opposed to the formation of hydrogen bonds within each hydration layer. The addition of ions
disrupts the well-organized structure of oxygen atoms in the first and second hydration layers,
with KCI having the biggest effect. Conversely, far from the interface, MgCl> leads to the
lowest number of hydrogen bonds per water, out of the salts considered. The residence time of
water within the second hydration layer follows a bi-exponential decay, suggesting the
simultaneous presence of two dynamic mechanisms, one characterized by shorter time scales
than the other. The time scale associated with the former mechanism decreases as the salt
concentration is increased, whereas the opposite is observed for the slower mechanism. In
general, the results obtained with the two force fields used to simulate calcite are similar in
terms of the features of the hydration layers and hydrogen bond network but differ significantly
in their predictions for the residence times. Although experimental results are not available to
identify which of the two force fields yields predictions that more closely resemble reality, the
results highlight the contributions of surface-water, water-water, and ion-water interactions on
the wetting properties of calcite, which are especially important for calcite-water-electrolyte
interactions commonly observed in nature.

* Corresponding Author: a.striolo@ucl.ac.uk



1. INTRODUCTION

The properties of interfacial fluids are of great importance in a wide range of biological and
chemical processes. In the energy industry, for example, such properties play a crucial role in
nuclear waste storage, CO> sequestration, and enhanced oil recovery, as they relate to
interfacial tension, wettability alterations, and interfacial mass transfer of CO2, water and oil
mixtures. Because these properties govern fluid distribution and behaviour in porous media,
they control the capillary sealing efficiency, with respect to CO., of the cap rock as well as the
transport properties of water, brine and CO, phases.}® Because water-wet reservoirs yield
higher oil recovery than oil-wet reservoirs,* the study of interfacial fluids on mineral substrates
could enable the identification of conditions in which reservoirs are attractive for exploitation.

The effects of ions on the bulk properties of water have been widely researched. It has been
shown that ions generally lead to changes in the bulk water properties, such as the hydrogen
bonding network, with different ions having varying effects.>® The structure of water in salt
solutions is the result of subtle balances between electrostatic and dispersive interactions,
mediated by the ability of water molecules to form hydrogen bonds. lons have been classified
as kosmotropes and chaotropes based on their perceived ability to promote or disrupt the order
among water molecules, respectively.>!® For example, Conte!' found, through NMR
relaxometry measurements, that NaCl, CaCl,, and KCOs are kosmotropes, while KCI is a
chaotrope. Nag et al.'? and Riemenschneider et al.'2 conducted molecular dynamics simulations
for NaCl and CsCl in water. They found a replacement of water-water hydrogen bonds with
ion-water interactions in aqueous NaCl,'2*® while CsCl enhanced the water hydrogen bond
network.™® Neutron diffraction and Raman experimental studies showed that the effects of ions
on the structure of water is equivalent to the effects of high pressures, in terms of the distortion
of hydrogen bonds through the fluids.® Through a detailed comparison of experimental Raman
spectral measurements with classical Monte Carlo (MC) simulations, Smith et al.® reported that
anions exert electric fields on the adjacent hydrogen atoms of water molecules as opposed to
structural rearrangements in the hydrogen-bond network.® lons have also been shown to
sometimes accelerate, as well as slow down the water dynamics, depending on experimental
conditions.® For example, NMR measurements revealed that Na* ions have a retarding effect
on water, while K* ions accelerate water dynamics.'* It would be of interest to quantify how
these phenomena are affected by the proximity to a solid surface.

One of the most abundant minerals found on earth is calcium carbonate (CaCOs3), with calcite
being the most common (approximately 4% of the Earth’s crust consists of calcite). Calcite is
an anhydrous calcium carbonate polymorph.t® Many conventional hydrocarbon reservoirs are
also based on calcium carbonate, and such reservoirs have been considered as potential
engineered reservoirs for carbon sequestration. Because interactions between calcite and water
relate to the wettability of this mineral, it is essential to understand the interfacial water
structure on calcite, as well as how it is affected by salt ions. Such results could also help to
constrain the effects of salts on confined fluids from a fundamental point of view.

Several molecular dynamics studies carried out on interfacial water on mineral substrates such
as alumina,® silica,'"*® quartz!®?° mica,?*?? and calcite,”% found that the structural and
dynamical properties of interfacial water depend on the properties of the mineral substrate, and
in general they differ from properties observed in bulk water. Such studies are in some cases

2



supported by experimental observations, as was the case for Fenter et al., 32428 who included
experimental X-ray reflectivity data in their study on calcite. There have also been molecular
dynamics studies on the effects of ions in aqueous solutions on interfaces. Ho et al.*® and
Argyris et al.3* compared the behaviour of aqueous NaCl and CsCl confined in narrow silica
pores. These studies focused on the transport properties of water and ions, which depend on
the cation type and degree of protonation of silica. Ma et al.*? conducted a study on aqueous
Na>SOs4 confined in quartz pores, and found through atomic and radial density profiles that
there are stronger interactions between Na* ions and water with the surface than with SO4%.
Dello Stritto et al.333 studied the effects of Na*, Rb*, Mg?* and Sr?* ions on the hydrogen bond
structure and dynamics of quartz-water interface and reported that divalent cations adsorb more
strongly than monovalent ions at this surface. They also found that the cation type determines
the degree of ordering of interfacial water with the ions promoting intra-surface hydrogen
bonding. Kerisit et al.® investigated the adsorption of NaCl, CsCl and CsF on neutral goethite.
They reported strong adsorption of water on the surface and noted the influence of the ions size
on the location and extent of adsorption, which determines the rearrangement of interfacial
water. Simonnin et al.*® studied the clay-water interface in the presence of NaCl and CsCl ions;
they found that structure, diffusion, and hydrodynamic properties of aqueous solutions on clay
depend on the nature of the clay, the nature of the counter ions, and the salt concentration.

Predota et al.®"*® investigated, through molecular dynamics studies and X-ray reflectivity
experiments, the effects of Rb*, Na*, Sr?*, Zn?*, Ca?", and CI" ions on the structure of
interfacial water on rutile (TiO2) surface. They found that the structure of interfacial water is
independent of the cations but dependent on the surface charge. They reported the formation
of inner-sphere complexes of cations with surface oxygens for all cations studied, although the
preferential adsorption sites varied according to the cations’ ionic radius. These results are
consistent with the studies by Zhang et al.,3**! who applied X-ray reflectivity, X-ray standing
wave measurements, and Density Functional Theory (DFT), in addition to molecular dynamics
simulations, to study the adsorption of ions (Na*, Rb*, Ca?*, Sr?*, Zn?*,Y3*, Nd**) at the rutile-
water interface. Santos et al.*? studied the electrical double layer (EDL) formed by Na*, K*,
and CI" ions near the walls of calcite mesopores. They found that the cation type and cation
concentration affect their mobility and adsorption on the surface, which has an impact on the
water structure. Koleini et al.** conducted molecular dynamics simulations for the calcite/brine
interface in the presence of Na*, Mg?*, CI-, and SO4%. They found that monovalent Na* and CI-
ions form an EDL at the interface, while divalent ions do not. However, they did not discuss in
detail the effect of specific ion concentration on the properties of interfacial water on calcite.

In a prior work from our group, Le et al.?° studied the wetting properties of water on calcite as
a function of CO pressure. Two force fields were implemented to describe the water-calcite
interactions, and the simulations predicted rather different contact angles. To complement that
study, as well as to further investigate the properties of aqueous salt solutions at contact with
mineral surfaces, we analyse here the effects of varying concentrations of NaCl, KCI, and
MgCl; on the structure and dynamics of interfacial water on calcite. We compare the results
obtained when the force fields developed by Xiao et al.** and Raiteri et al.* are implemented
to describe water-calcite interactions. The calcite force field from Raiteri et al.*> employs
Buckingham-type potentials for carbonate - water interactions. In order to enable the use of
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standard mixing rules when it is desired to describe in simulations the interactions of calcite
with other species, Shen et al.* fitted the Buckingham potentials to Lennard-Jones functional
forms by reproducing the hydration energies of calcium and carbonate ions, allowing us to
perform simulations with salts dissolved in water.

The remainder of the manuscript is organized as follows: In Section 2, we describe the force
fields and simulation setup and algorithms. In Section 3, we provide detailed analysis of the
effects of Na*, K*, and Mg?* ions on the relevant properties of water. We also compare the
results obtained from the use of the two force fields mentioned above, specifically on the
predicted properties of interfacial water. Finally, a summary of our main observations is
provided in Section 4.

2. SIMULATION METHODS AND ALGORITHMS

Force Fields. The calcite surface was obtained from a calcite crystal terminated at the 1014
plane.? In this model, calcium and carbon atoms were kept rigid, while the oxygen atoms were
allowed to move. The rigid simple point charge extended (SPC/E)* and Joung-Cheatham
(JC)*® force fields were used to describe water and monovalent (NaCl and KCI) ions,
respectively. Electronic Continuum Correction (ECC) forcefields developed for magnesium*®
and chloride® ions were applied to describe MgCl,. These force fields were developed
consistently with the SPC/E model of water. Standard force fields using full charges to describe
divalent ions do not capture accurately ion pairing in aqueous solutions and overestimates the
strength of ion-ion interactions with respect to ion-water interactions.>*> ECC forcefields scale
the charges of all multivalent ions by the inverse square root of the electronic part of water
dielectric constant and reduce the radius of each ion to achieve the required ion-water
distances.*®® This method improves the description of the structure of the multivalent ions in
electrolyte solutions significantly compared to standard approaches.*®>! In the development of
the force field by Xiao et al.,** the transferable intermolecular potential three-point model
(TIP3P)>* was used to treat water. TIP3P is part of the CHARMM simulation package and it is
often used in simulations of biological systems.>® In our prior investigation, we found that the
structure of SPC/E water on the model of calcite described by the Xiao et al.* is very similar
to that obtained when the TIP3P water model is used.?® Further, when combined with SPC/E
water, the JC force field gives reasonable results for the solubility of NaCl in water at ambient
temperature, compared to experimental values.® Therefore, the SPC/E water model was
chosen here.

In our simulations, dispersive forces were modelled by the 12—6 Lennard-Jones (LJ) potential
and electrostatic forces were considered for non-bonded interactions. The cut-off distance for
all interatomic interactions was set at 12 A. The particle mesh Ewald (PME)®” method was
applied for long-range electrostatic interactions. The Lorentz-Berthelot mixing rule® was
applied for the calculation of the LJ parameters for unlike atoms.



Simulation Setup. An illustration of the simulation box is presented in Figure 1. The
simulation box was periodic in the three directions and it contained a thin film of fluid on a
slab of calcite. The initial configuration consists of 14,000 water molecules placed on the
calcite surface. The x, y and z dimensions of the simulation box were 97.14, 90.0, and 158.9
A, respectively. In the simulations, the calcite substrate, with a thickness of 14.1 A, was placed
parallel to the x-y plane. The number of salt ions inserted was adjusted to vary the concentration
between 1 — 3 M. These concentrations are below the solubility limit for the various simulated
electrolytes at ambient conditions.*%°5°9-1 The thickness of the aqueous film on calcite was 45
—50 A, depending on composition. The remaining space in the z direction, above the film, was
left empty. The dimensions of the box and the relatively large amount of water included in the
simulations were chosen to ensure that the periodic boundary conditions did not affect the
results, and to allow for establishing ‘bulk-like’ water in the middle of the thin film, whose
properties differ from those of the two interfacial regions (solid-liquid and liquid-gas),
respectively.

Algorithms. The simulations were carried out with the packages GROMACS (version
5.1.4)%263 and LAMMPS (version 20180818),%* using the canonical NVT ensemble, where the
number of particles (N), the simulation volume (V), and the temperature (T) are kept constant.
We implemented the Nosé-Hoover thermostat®>® with a relaxation time of 100 fs to maintain
the temperature at 298 K. The SETTLE algorithm®” was used to keep bonds and angles within
the water molecules fixed. The total simulation time was 60 ns. The system was considered
equilibrated when the atomic densities stabilized and both energy and temperature of the
system remained within 10% of their average values. The last 2 ns of the simulations were used
for production. Each simulation was repeated twice to increase reliability.
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Figure 1. Representative simulation snapshots of the initial configuration of the system (a) and
(b) and top view of the calcite substrate surface (c). Ca = purple; C = cyan; O = red; H = white;
Na, K, Mg = yellow; CI = blue.



3. RESULTS AND DISCUSSION
3.1. Atomic Density Profiles

The atomic density distributions of oxygen and hydrogen atoms of water molecules, as well as
those of cations (Na*, K*, and Mg?*) and CI- at different salt concentrations were calculated as
a function of the perpendicular distance (z) from the calcite surface. The top plane of calcium
atoms was used as the reference point (z = 0). The results shown in Figure S1 of the Supporting
Information indicate that the density profiles in the z direction do not depend significantly on
the cation and salt concentration, thus only the atomic density profiles obtained at 2 M salts
concentration are presented in the main manuscript for brevity. In Figure 2, we provide the
atomic density distribution of water oxygen (solid red line) and water hydrogen (broken brown
line), monovalent (Na* and K*) cations (solid blue line) and CI" ions (solid green line) for
systems with 2 M NaCl and 2 M KCI.

The density profile for oxygen atoms shows the formation of four hydration layers near the
surface, with two distinct layers at distances 2.5 and 3.5 A, respectively. The first hydration
layer is approximately twice the density of the second one, indicating that a large number of
water molecules accumulate near the surface. The results are in agreement with previous
molecular dynamics studies of interfacial water on calcite,?” as well as with experimental X-
ray reflectivity data.?® The first three peaks in the hydrogen atomic density profile appear at
2.5,3.1and 3.9 A, respectively. Comparing the intensities and widths of hydrogen and oxygen
density peaks suggests that most water molecules in the first hydration layer maintain one of
the OH bonds either parallel to or pointing away from the surface. The second water oxygen
peak at 3.5 A is accompanied by water hydrogen peaks at 3.1 and 3.9 A. This suggests some
of the water molecules in the second hydration layer have some of their OH bonds pointing
towards the calcite surface, while others point away from it. We will subsequently analyse the
orientation of interfacial water in more detail.
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Figure 2. Atomic density profiles along the z direction, vertical from the surface, for (a) water
and salt ions at 2 M NaCl (b) water and salt ions at 2 M KCI. The reference (i.e., z = 0) is
defined by the z-position of the plane of the top calcium atoms on the calcite surface. These
simulations were conducted using the force field proposed by Xiao et al.** to describe calcite
and they were conducted at 298 K.
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The Na* density profile (Figure 2a) shows a pronounced peak at 3.1 A in between the first and
second hydration layers. This peak is closer to the second hydration layer than the first,
suggesting stronger interactions between the Na* ions and the water molecules in the second
layer than with water in the first hydration layer. This could also be due to the strong
interactions between calcite and water molecules in the first hydration layer, making it more
difficult for salts to penetrate the first hydration layer. By comparison, the K* ion profile
(Figure 2b) is characterized by a peak at 3.3 A. Due to their larger ionic radius, K* ions adsorb
0.2 A further from the surface compared to Na*. The Na* and K* peaks are close to the surface,
as observed in Figures 2a and 2b, whereas the CI- peaks are less dense and are found further
from the surface at 5.1 A. These results, as highlighted from simulation snapshots in Figure 3a
and 3b, suggest that the ions form an EDL on the surface, with Na* and K* ions in the Stern
layer and CI" ions in the diffuse layer. It is worth noting that in all the density profiles, as the
distance from the surface becomes greater than 10 A, we observe smooth bulk water/salt
density profiles, reflecting the uniform salt concentration expected in bulk water.
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Figure 3. Simulation snapshots illustrating the electrical double layer (EDL) formed by
aqueous NaCl (a), KCI (b) and MgCl: (c) ions on calcite. Ca = purple; C = cyan; O = red; Na
=yellow; K=grey; Mg=green; Cl = blue. Water molecules are present but are not shown for
visualisation purposes. The simulations were conducted using the force field proposed by Xiao
et al.*

In Figure 4, we report the density profiles in the system with 2 M MgCl. and find that despite
being the smaller ion in the study, the profile for Mg?* is characterized by a wider peak ~ 5.3
A from the surface, where it is almost fully hydrated, due to its high charge density. This means
most of the Mg?* ions maintain their strong hydration shells and remain further from the
surface, as a result of strong interactions with water. In addition, both the density profiles in
Figure 4 and the simulation snapshot in Figure 3c show Mg?* and CI" ions occupy the same
layer. The results indicate that monovalent ions have stronger interactions with calcite, as
suggested by the formation of inner-sphere complexes of Na* and K* ions at the calcite-water
interface while Mg?* ions adsorb as outer-sphere complexes. These results highlight the



importance of a balance between ion hydration and ion-surface interactions in determining the
salt ions distribution near the calcite-water interface.
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Figure 4. Atomic density profiles along the z direction, vertical from the surface, for water and
salt ions at 2 M MgCl.. The reference (i.e., z = 0) is defined by the z-position of the plane of
the top calcium atoms on the calcite surface. These simulations were conducted using the force
field proposed by Xiao et al.** to describe calcite and they were conducted at 298 K.

The results discussed so far were obtained using the force field proposed by Xiao et al.** to
describe calcite. Figure 5 provides a comparison of the oxygen and hydrogen density profiles
obtained when the force field developed by Raiteri et al.* is implemented instead. We observe
a slight difference in the predicted structure of water. The first two hydration layers in the
system simulated using the Buckingham potentials proposed by Raiteri et al.*® to describe
calcite are less dense and found at ~ 2.15 and 3.25 A, respectively, from the calcite substrate
whereas the peaks in the density profile for hydrogen atoms are at ~ 2.35 and 3.05 A,
respectively. When the fitted LJ parameters developed by Shen et al.*® are applied instead of
the Buckingham potential, the peaks of the first and second hydration layers are located at 2.15
and 3.45 A, respectively, and their intensity changes somewhat as well, suggesting that the LJ
parameterisation does not fully reproduce the properties of interfacial water on calcite as
described by the potential proposed by Raiteri et al.*® There is also a difference in the directions
of the OH bonds depending on the force field implemented. Specifically, when the force field
of Raiteri et al.*> and Shen et al.* are implemented, the results suggest the water molecules in
the first hydration layer point their OH bonds away from the calcite substrate. In contrast, they
predict some of the water molecules in the second hydration layer adopt a hydrogen-down
orientation, while the others project their hydrogen atoms away from the surface. The
experimental X-ray reflectivity data®*?® only provide the position of the hydration layers, as
identified by the position of the absorbed layer of the oxygen atoms of water on calcite. Within
the uncertainty of both experiments and simulations, the experimental data do not allow us to
discriminate whether the force field of Xiao et al.,** or that of Raiteri et al.,*® is more reliable
for predicting the structure of interfacial water. In comparing the Na* density profile from both



force fields (Figure S2), we observed that the force field of Raiteri et al.*® leads to a peak ~
0.2 A closer to the surface and approximately five times denser than that proposed by Xiao et
al.* This could be due to a strong difference in terms of electric double layer forces exerted by
calcite wetted by concentrated brines.
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Figure 5. Atomic density profiles along the z direction, vertical from the surface, for oxygen
atoms (a) and hydrogen atoms (b) of water molecules in systems with no salt. These results
were obtained from simulations in which calcite is described by the force field developed by
Xiao et al.** or Raiteri et al.*> The top plane of calcium atoms on the calcite surface was used
as the reference (z = 0). The simulations were conducted at 298 K.

3.2. Planar Density Distributions

To relate the structure of interfacial water to the properties of the solid substrate, we computed
the surface density distributions of water oxygen and hydrogen atoms within the first two
hydration layers within the x-y plane parallel to the surface, at different salt concentrations. In
the simulations conducted with the force field of Xiao et al.,** the positions of the hydration
layers are identified from the peaks in the atomic density profiles of oxygen atoms in Figure 2
and Figure 4. The first hydration layer is located at ~ 2.9 A from the surface; the second
hydration layer is located at ~ 3.9 A. For the purpose of clarity, only results for systems with
no salts and 2 M salt concentrations are shown. The results presented in Figure 6 show the
preferential distribution of oxygen atoms, with well-defined areas of very high densities, in the
first and second hydration layers. The oxygen atoms in the first hydration layer manifest a
somewhat more organized structure than those in the second hydration layer, evident from the
slightly more concentrated areas of high water densities. This could be attributed to the stronger
interactions of water molecules with the calcite substrate. Adding NaCl and KCI ions leads to
a distortion in the arrangement of water molecules in the hydration layers. As highlighted by
the circles in panels (f) and (g), the effect is somewhat more pronounced in the second layer
than in the first, confirming stronger interactions between Na® and K* ions with water
molecules in that layer, as suggested by the atomic density profiles (Figure 2). The presence
of divalent Mg?* ions produces no significant difference in the surface distribution of water
oxygen, consistent with the density profiles shown in Figure 4, which suggests Mg?* ions
accumulate further from the surface compared to Na* and K* ions.
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Figure 6. Surface density distributions of water oxygen atoms in the first (panels (a) - (d)) and
second (panels (e) - (h)) hydration layers on calcite for systems with no salts (panels (a) and
(€)), 2 M NaCl (panels (b) and (f)), 2 M KCI (panels (c) and (g)) and 2 M MgCl (panels (d)
and (h)). The simulations were conducted using the force field of Xiao et al.** to describe
calcite. The colour bar expresses density in the units of 1/A3. The black circles highlight regions
where the water structure is affected by the salt ions (see text for details).

In Figure 7, the positions of the atoms on the top plane of the surface are compared with the
planar density distributions of oxygen atoms for systems with no salts, in the first and second
hydration layers (panels (a) and (b), respectively). The results suggest the calcium atoms on
the substrate provide adsorption sites for water molecules in the first hydration layer, which is
consistent with the observations reported by Zhu et al.?” in their study of aqueous biomolecules
near calcite. In the second layer, however, oxygen atoms seem to accumulate in regions
corresponding to the planar location of the carbon atoms of the carbonate ions in calcite. In
panel (c) of Figure 7, we highlight the configuration of water molecules in the second hydration
layer interacting with the surface C atoms.

10



(a) (b)

S5 20 b
ST T L

LR XN LN Ke¥ e @u’ @?@@?39@@. fi’.ﬂ (1A%)
AR ACAY A, 3BveRevosess [
@

SN NN . Yevesurevewl ..
avi%ﬁ%v:@ @?@%?Q YSPOTEROTE R oo

¥ @:6@:@@69@@6%
“’%é@%:&@ &N Q YOTeTBTONEYs

w B QuE ey S (@, e L GUuOg LB S LD Bur TGRS

(€)ool S o o o e ol dy

- X- XXX - LR R K- XK R - - R

Figure 7. Simulation snapshots of the adsorption of oxygen atoms of water in the first (a) and
second (b) hydration layers on the calcium atoms of calcite and interactions between water in
the second hydration layer and carbonate ions. Ca = purple; O = red; C = cyan; H = white.
These simulations were conducted using the force field proposed by Xiao et al.*

The positions of the first and second layer of hydrogen atoms, as identified in Figure 2, are
~2.7 A and 3.5 A from the surface, respectively. Figure 8 shows that the arrangement of the
hydrogen atoms is less organized compared with that of the oxygen atoms, with the hydrogen
atoms in the second layer presenting a more uniform planar distribution than those in the first
hydration layer. As the salinity increases, there is greater distortion of the planar distribution,
as highlighted by areas with little to no hydrogen atoms. KCI clearly causes greater disruption
in the arrangement of water molecules than NaCl, as observed by the increased number of areas
with no oxygen and hydrogen atoms, which is consistent with the observations reported by
Marcus®®, according to whom K is more of a ‘structure breaker’ than Na. In the presence of
Mg?*, we observe little difference in the surface distribution of water oxygen and hydrogen
atoms compared to when no ions are present in the system, in agreement with the vertical
density profiles shown in Figure 4.
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Figure 8. Surface density distributions of water hydrogen atoms in the first (panels (a) - (d))
and second (panels (e) - (h)) hydration layers on calcite for systems with no salts (panels (a)
and (e)), 2 M NaCl (panels (b) and (f)), 2 M KCI (panels (c) and (g)) and 2 M MgCl. (panels
(d) and (h)). The simulations were conducted using the force field proposed by Xiao et al.** to
describe calcite. The colour bar expresses density in the units of 1/A3.

To quantify the disparity between the planar density distributions predicted by the two force
fields applied to model calcite, we calculated the difference between the results for each force
field. 1t should be noted that the Raiteri et al.*® force field yields first and second hydration
layers at ~ 2.65 A and 3.85 A, respectively whereas the first of two layers from the hydrogen
atom density profile is located at ~ 2.75 A and 3.35 A from the surface. In the results shown in
Figure 9, positive values correspond to the positions where the force field proposed by Xiao et
al.** predicts higher densities than that of Raiteri et al.,*> while the opposite holds for negative
values. In general, the force field of Raiteri et al.*® leads to different structure of water on the
first and second layers, although it should be recognised that the planar distributions of Figure
9 show that, in most of the interfacial area, the atomic densities predicted by the two force
fields are very similar.

To complement these planar density profiles results, In Figure S3, we present the surface
density distributions of oxygen and hydrogen atoms in the second hydration layer for pure
water and 2 M NaCl systems when calcite is represented by the Raiteri et al.*® force field. We
focus on the second hydration layer because our simulation results suggest that the ions
accumulate in its proximity. The results suggest that the presence of 2 M NaCl ions has a more
profound effect on interfacial water when the force field proposed by Raiteri et al.* is
implemented, as observed from the difference compared to the results obtained in Figure 6
(panel f), when the Xiao et al.** force field is used. This is probably because the Raiteri et al.*
force field predicts a substantially larger accumulation of Na* ions near calcite compared to the
Xiao et al.* force field (see Figure S2).
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Figure 9. Difference in surface density distributions from simulations carried out
implementing the force fields by Xiao et al.** and Raiteri et al.*® to describe the water-calcite
interactions. The results are shown for water oxygen (panels (a) and (b)) and hydrogen (panels
(c) and (d)) atoms in the first (panels (a) and (c)) and second (panels (b) and (d)) hydration
layers. The colour bar expresses density in the units of 1/A3.

3.3. Radial Distribution Functions

The radial distribution function (RDF) is used to quantify the structure of interfacial water
based on the Xiao et al. force field. In Figure 10, we report the in-plane oxygen-oxygen and
hydrogen-hydrogen RDFs within the first two hydration layers. The results are compared to
those obtained for water molecules found at distances greater than 13 A from the top plane of
calcium atoms on the surface, which were considered representative of bulk water for the
present study. The latter results are found to be similar to those reported from previous studies
at ambient conditions.®%-"2

The RDFs results within the first two hydration layers are consistent with ordered structure,
which is attributed to the interactions between water molecules in these layers and calcite.
There is a small peak on oxygen — oxygen RDF for water in the second hydration layer at radial
distance ~ 2.8 A, which is in the same position as the first peak observed for bulk water. In
contrast, the first peak observed in the first hydration layer is close to 5 A, suggesting water
molecules in this layer are not close enough to form hydrogen bonds. The distance between the
peaks observed in the RDFs corresponds approximately to the distance between the high-
density areas observed in the planar density distribution of oxygen atoms shown in Figure 6.
Although calcite clearly perturbs the water structure in the first two hydration layers, our results
(Figure S4) suggest that the radial density distributions do not depend strongly on the force
field implemented to describe the solid substrate, nor on the cation types or on the overall salt
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concentration. The latter is because none of the ions simulated strongly perturbs the hydration
layers, with Na™ and K* only distorting, to a small extent, the second hydration layer.

(a) (b)
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Figure 10. Oxygen-Oxygen (a) and Hydrogen-Hydrogen (b) radial distribution functions for
water molecules in the first and second hydration layers, as well as in the bulk (>13 A) for
systems with 2 M NaCl. These simulations were conducted using the force field proposed by
Xiao et al.** to describe calcite. The simulated temperature was 298 K. Similar results were
obtained when the Raiteri et al.*® force field was used to describe water-calcite interactions.

In Figure 11, we report RDFs for ions — oxygen atoms of water (OW) in the first and second
hydration layers, as well as in the bulk. The results clearly show that the interactions between
water and Na* ions in the second hydration layer are bulk - like.”>" Conversely, the RDF is
highly distorted for the first hydration layer, presumably because the proximity to the calcite
substrate affects the structure of water as well as its ability to interact with other species. The
interactions of Na* and oxygen atoms in the second hydration layer are bulk-like, whereas the
RDFs between K* or Mg?*and water in the second hydration layer are similar to those obtained
for the first hydration layer. The positions of the peaks in the RDF involving bulk water and
KCl agree with previous observations.” """ The Mg-OW/(bulk) RDF is also in agreement with
previous studies.”®”® The solvation shell of Mg?* is the tightest, as shown by the sharp peak at
~2.06 A, because of the three cations considered, it has the smallest ionic radius. The peaks of
Na-OW and K-OW are at found at 2.31 A and 2.81 A, respectively. As the ionic radius of the
cation increases, the peaks in the RDF are found at larger distances and are smaller and wider,
suggesting that smaller ions are bound more strongly to water molecules than larger ions. In
Figure S5, we observe a slight difference in the radial distribution functions obtained from the
implementation of the two force fields to describe water-calcite interactions.
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Figure 11. Radial distribution functions between water oxygen atoms and Na* (a), K* (b), and
Mg?* (c) ions in the first and second hydration layers and bulk (>13 A) for systems with 2 M
salts. These simulations were conducted using the force field proposed by Xiao et al.** to
describe calcite and they were conducted at 298 K.

From the RDFs, we calculated the coordination number of Na* ions in the first two hydration
layers, as well as in the bulk, by integrating the first peak on the relevant RDFs: "

ne = 4mp f; r2g(r)dr (1)

In Eq. 1, p is the average density, r is the radial distance, and R is the upper limit of the radial
distance in the first peak of the RDF. In Table 1, we present the coordination number of one
Na* ion in the first and second hydration layers and in bulk water, which is consistent with
literature data.”>"* The coordination number of Na* reduces slightly as the NaCl concentration
increases. The higher hydration number in the first layer could be due to the increased number
of water molecules in this layer and the lower number of Na* ions, when compared to the
second hydration layer.

Table 1. Coordination number of Na* in the first solvation shell of water in the first and
second hydration layers and bulk (>13 A) for systems with 1 —3 M NaCl, conducted using
the force field proposed by Xiao et al.** to describe calcite.

1st Layer | 2nd Layer Bulk
1M 6.6 4.7 5.9
2M 6.5 4.7 5.7
3M 6.2 4.7 5.6
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The results provided in Table 2 show that K* ions have the largest hydration number while
Mg?* has the smallest, which is consistent with other simulations.”"*"® The force field by
Raiteri et al.*® yields smaller hydration shells around Na* compared to the outcome determined
from Xiao et al.** This could be due to the very dense layer of Na* observed in Figure S2.

Table 2. Coordination number of cations in the first solvation shell of water in the first and
second hydration layers and bulk (>13 A) at 2 M. These simulations were conducted using
the force field proposed by Xiao et al.** and Raiteri et al.*> to describe calcite.

1st Layer 2nd Layer Bulk

Na* 6.5 4.7 5.7

K* 6.7 3.9 6.9

Mg?* - - 5.6

Na* 4.2 2.9 5.7
(Raiteri LJ)

3.4. Molecular Orientation

The orientation of interfacial water molecules was quantified based on the angle (0) between
the water dipole moment and the vector perpendicular to the surface. Angles of 0° and 180°
correspond to OH bonds pointing away from, and towards the surface, respectively. When the
angle is 90°, one of the OH bonds in a water molecule is projected away from the surface while
the other is projected towards the surface. Figures 12 and 13 present the probability
distributions P[cos(0)] for water molecules in the first and second hydration layers, which are
compared to the results obtained for bulk water. Although the effects of ions were observed at
1 - 3 M salts, only results for systems with no salts and 2 M salts are presented.

The results for bulk water show a uniform distribution of orientation, while water molecules in
the first two hydration layers show pronounced preferential orientations. When no salt is
present, the results obtained from the two force fields implemented for the solid substrate are
similar, although some differences are evident. When the force field by Xiao et al.** is used, a
pronounced peak near cos(0) ~ 1, suggests the water molecules in the first hydration layer have
a strong preference to form 10° angles between their dipoles and the vector normal to the
surface, corresponding to OH bonds pointing away from the surface. In this layer, oxygen
atoms interact with calcium ions of calcite while hydrogen atoms from hydrogen bonds with
oxygen atoms in the second hydration layer. The force field by Raiteri et al.*® and Shen et al. 8
also predict higher percentage of water in the first hydration layer having their dipoles ~ 45 —
90° to the surface normal. These results differ from those obtained for water at the interface
with other substrates. For example, Argyris et al.!” predicted that water molecules near silica
surface point some of their OH bonds towards the surface. The addition of NaCl and KClI
(Figure 13) increases the probability of finding water dipoles at ~ 10° to the vector normal to
the surface and causes a reduction in the probability of water molecules maintaining their
dipoles at angles ~ 47° — 90° to the vector normal to the surface.
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In contrast, for both force fields, the probability distribution for the orientation of water in the
second hydration layer is characterized by a wider peak at angles corresponding to ~ 110°
—120°. At least one OH bond of water in this layer points slightly towards the surface to form
hydrogen bonds with water in the first hydration layer and to interact with the carbonate ions
of calcite. For the force field proposed by Xiao et al.,* the addition of NaCl and KCI ions leads
to a shift in the preferential orientation of water to a slightly smaller angle. The implementation
of the LJ parameters proposed by Shen et al.*® yields more water molecules having their OH
bonds pointing away from the surface as 2 M NaCl is added to the system. The difference in
the molecular orientation within the two hydration layers suggests calcite strongly restricts the
orientation of interfacial water especially within the first hydration layer.

0.04 | e Pure water (1st Layer) - Xiao

‘ — Pure water (1st Layer) - Raiteri
0.03 —— Pure water (1st Layer) - Raiteri (LJ)
J 2 M NaCl (1st Layer) - Xiao

0.02
2 M NaCl (1st Layer) - Raiteri (LJ)

Probability

Pure water (2nd Layer) - Xiao

0.01

— — —Pure water (2nd Layer) - Raiteri

Pure water (2nd Layer) - Raiteri (LJ)

——2 M NaCl (2nd Layer) - Xiao

- - =2 M NaCl (2nd Layer) - Raiteri (LJ)

Figure 12. Orientation of water molecules displayed as probability distribution of the cosine
of the angle for systems with no salts and 2 M NaCl simulated by implementing the force field
developed by Xiao et al.*4, Raiteri et al.*> and Shen et al.*® to model calcite. The simulated
temperature was 298 K.
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Figure 13. Orientation of water molecules displayed as probability distribution of the cosine
of the angle for systems with no salts and 2 M NaCl, 2 M KCl and 2 M MgCly, simulated with
the force field developed by Xiao et al.** to model calcite. The simulated temperature was
298 K.

3.5. Hydrogen Bond Network

To further evaluate the effects of salts on the structure of interfacial water, we computed the
hydrogen bond density profiles for water molecules as a function of the distance (z)
perpendicular to the calcite surface, at various salt concentrations. Following the geometric
criterion defined by Marti,®® water molecules were considered hydrogen bonded if the distance
between an hydrogen atom in one water molecule and the oxygen atom in another water
molecule was less than 2.4 A, and the correspondent H-O---O angle was less than 30°. To
calculate the hydrogen bond density profiles (Figure 14), the position of a hydrogen bond was
taken as mid-distance between the positions of the oxygen and hydrogen atoms in the hydrogen
bond.

There are three pronounced peaks evident in Figure 14a, with a reduction in the hydrogen bond
densities as the concentration of NaCl increases. The density profiles discussed above (e.qg.,
Figure 5) suggest that interfacial water yields four hydration layers, with the first two being
well pronounced, and the latter two being less evident. The hydrogen bond density profiles
(Figure 14a) seem to confirm the presence of four hydration layers. In fact, the first peak at
3.1 A suggests hydrogen bonds formed between water molecules in the first and second
hydration layers or between water molecules within the second hydration layer. The second
peak in the hydrogen bond density profiles, found at 3.9 A, is likely representative of hydrogen
bonds between water molecules in the second and third hydration layers. The less intense peak
at ~ 6.3 A indicates hydrogen bonds between the third and fourth hydration layers. Being third
and fourth hydration layers not well pronounced, also the peak in the hydrogen bond density
profile is less intense than those closer to the surface. At distances greater than ~ 10 A, the
hydrogen bond density distribution becomes uniform, representative of bulk water.
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Figure 14. Density profiles of water—water hydrogen bonds along the distance perpendicular
to the surface for systems with pure water and 1-3 M NaCl (a) and (b) number of hydrogen
bonds per water molecule as a function of perpendicular distance from the surface for systems
with pure water, 2 M NaCl, 2 M KCIl and 2 M MgCl.. The reference (i.e., z = 0) is defined by
the z-position of the plane of calcium atoms on the calcite surface. These simulations were
conducted using the force field proposed by Xiao et al.** to describe calcite and at 298 K.

To compare the effects of cations and the force field implemented to describe calcite on the
hydrogen bond network, we calculated the number of hydrogen bonds (HBs) per water
molecule, as a function of distance (z) perpendicular to the calcite surface. The results in Figure
14b, from the implementation of the force field of Xiao et al.,** show the number of hydrogen
bonds per water molecule in the first and second hydration layers do not vary significantly with
the type of cations in the system, in comparison to the bulk. In Table 3, we present the average
number of hydrogen bonds per water molecules in the first two hydration layers and the bulk.
While there is a reduction in the number of hydrogen bonds per water in the first and second
hydration layers upon the addition of ions, Mg?* ions reduce the number to a lesser extent due
to most of the ions being found further from the surface, as observed in Figure 4. In bulk water,
there are approximately 3.53 hydrogen bonds per water molecule in the pure water system,
consistent with literature values.88 This value reduces to ~ 3.04, 3.01 and 2.75 in systems
with 2M K*, Na* and Mg?*, respectively. Although we observed similar trends in the hydrogen
bonds from the force field of Raiteri et al.,* there are lower number of hydrogen bonds per
water molecules in the first and second hydration layers, for pure water and 2 M NaCl systems,
consistent with the force field proposed by Raiteri et al.*® showing a dense layer of Na* ions
closer to the surface.

19



Table 3. Number of hydrogen bonds per water molecule in the first and second hydration
layers, and bulk, for systems with pure water, 2 M NaCl, 2 M KCl and 2 M MgCl>. These
simulations were conducted using the force field proposed by Xiao et al.** and Raiteri et al.*®
to describe calcite and at 298 K.

Pure 2M 2M 2M Pure water 2 M NacCl
water NaCl KCI MgCl2 | (RaiteriLJ) | (RaiteriLJ)
1st Layer 1.71 1.40 1.37 1.53 1.61 0.99
2nd Layer 3.01 2.64 2.57 2.78 2.83 2.39
Bulk 3.53 3.01 3.04 2.75 3.53 3.01

To achieve a better understanding of the interactions of water with the calcite surface, we
quantified the formation of hydrogen bonds between hydrogen atoms in water and oxygen
atoms in the carbonates of calcite. Following Wolthers et al.®?, we found (see Table 4), that
most water molecules do not form hydrogen bonds with the carbonate surface considered here
and that the number of hydrogen bonds is higher in the second hydration layer than the first,
which is consistent with the orientation of water in these layers. The presence of ions reduces
the number of hydrogen bonds formed, with KCI having the biggest impact in the first
hydration layer while NaCl affects the hydrogen bonds in the second layer. In the
implementation of the force field developed by Raiteri et al.,* carbonates form more hydrogen
bonds with water in the first hydration layer but less with water in the second layer.

Table 4. Number of hydrogen bonds formed with oxygen atoms of surface carbonate groups,

per water in the first and second hydration layers, for systems with pure water, 2 M NacCl, 2

M KCl and 2 M MgCl». These simulations were conducted using the force field proposed by
Xiao et al.** and Raiteri et al.* to describe calcite and at 298 K.

Pure 2M 2M 2 M Pure water 2 M NaCl

water NaCl | KCI MgCl2 | (Raiteri LJ) (Raiteri LJ)
1st Layer 0.15 0.14 0.13 0.15 0.20 0.16
2nd Layer 0.67 0.64 0.68 0.67 0.57 0.52

3.6. Residence Times

Residence autocorrelation functions Cr(t) for water molecules have been used to describe the
dynamical properties of interfacial water.348 Cg(t) quantifies the average time water molecules
remain continuously within a particular hydration layer. Cr(t) for a given molecule starts at 1
if the molecule is in the hydration layer, and it remains at 1 as long as the molecule stays in the
hydration layer. It decays to 0 when the molecule leaves the hydration layer. The algorithms
are described in detail elsewhere.34-8
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Our calculations suggest water molecules occupy the first hydration layer longer than water
molecules in the second hydration layer. This is due to the interactions between water
molecules in the first hydration layer and calcite, as previously observed. In fact, most water
molecules did not leave the first hydration layer during our analysis. Therefore, the residence
time decays for water molecules in the second hydration layer are investigated in detail to
reveal the effects of NaCl concentration, cation type and the force field applied. The results
shown in Figure 15 and Figure 16 reveal complex trends perhaps represented by 2 timescales.

With the force field proposed by Xiao et al.,** at times less than ~ 14 ps, the rate of decay of
Cr(t) increases with NaCl concentration, indicating a smaller time constant as the NaCl
concentration increases to 3 M. However, at times greater than ~ 14 ps, we observe slower Cg(t)
decay with increasing NaCl concentration. These results are consistent with those reported in
the literature for the hydrogen bond dynamics of aqueous LiCl in the bulk.” Analysis of our
results suggests that the decay curves of the corresponding residence autocorrelation functions
can be fitted to the sum of two exponential decay equations by least squares fitting:®’

t

Ca(t) = A @) + 4,e®) %)

In Eq. 2, 71 and T2 are decay constants, and A and A are coefficients, which were arbitrarily
set to 0.5 assuming that the two decaying functions have equal weight on the auto-correlation
function. The values of the fitted time constants are displayed in Table 5.
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Figure 15. Residence autocorrelation functions Cr(t) for oxygen atoms in the second hydration
layer on the calcite surface. Results obtained for systems with pure water and 1 — 3 M NaCl.
Results were obtained from simulations conducted using the force field proposed by Xiao et
al.* to describe calcite. The simulations were conducted at 298 K.
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In Figure 16, we analyse the effects of cations and that of the force field used to simulate calcite.
The dynamics of water in 2 M NaCl and 2 M KCI are similar. For 2 M MgCly, at all times
considered, the dynamics of water in the second hydration layer is slower than that for pure
water. Compared to Na* and K*, Mg?* yields the slowest dynamics at times less than ~ 25 ps.
However, after this time, water in MgCl. shows the fastest dynamics. Cg(t) for water in the
systems when the Raiteri et al.*® force field was implemented show similar trends of
bi-exponential decay with increased NaCl concentration, however it is characterized by faster
decay than Xiao et al.* through the whole timeframe considered. It is worth noting that the
force field using original parameters from Raiteri et al.*> produce water with slower dynamics
than in the implementation of LJ parameters from Shen et al.*® We also computed the bi-
exponential decay constants for these systems, which are reported in Table 5. The differences
in residence times as predicted by the two force fields could be used to discriminate which of
the two force fields yields more realistic results, but unfortunately the correspondent
experimental data are not available.

Table 5. Time constants for bi-exponential fit for the residence autocorrelation function of
water at 0-3 M NaCl, 2M KCI and 2M MgCl,. The simulations were conducted at 298 K.

Salt TS | T2 (p9)
Concentration

Pure Water 14.5 28.9
1 M NaCl 12.4 35.6
2 M NaCl 11.1 42.2
3 M NaCl 9.8 46.9

2MKCl 11.1 42.5
2 M MgCl, 15.6 34.1
Pure Water 6.5 12.1
(Raiteri LJ)

2 M NacCl 4.6 22.4
(Raiteri LJ)
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Figure 16. Residence autocorrelation functions Cr(t) for oxygen atoms in the second hydration
layer on calcite. Results obtained for systems with pure water, 2 M NaCl, 2 M KCl and 2 M
MgClI> are compared. Solid lines represent results from simulations conducted using the force
field proposed by Xiao et al.* Dashed lines represent the results from the implementation of
the force field by Raiteri et al.*® The simulations were conducted at 298 K.

4. CONCLUSIONS

Molecular dynamics simulations were conducted to investigate the role salts play on the
interactions between calcite and interfacial water. In order to understand the structural
properties of water for 0 —3 M NaCl, 2 M KCl and 2 M MgCl», we determined atomic density
profiles, surface density distributions, radial distribution functions, hydrogen bond networks,
and orientation of interfacial water molecules. The dynamical properties of water were
quantified in terms of the residence autocorrelation functions. Two force fields used to model
calcite were compared for systems with pure water on the calcite surface. The results confirmed
the formation of distinct hydration layers on the solid substrate. The addition of electrolytes
had discernible effects on the surface density distributions, hydrogen bond network, and
residence times, with the second hydration layer being affected more by the presence of salts
than the first hydration layer. This could be due to the strong interactions between calcite and
water, which make it more difficult for salts to perturb the first hydration layer. We found that
the effects of the cations depend largely on the size of the cation. We also observed two
timescales in the residence times of water molecules which we quantified with a bi-exponential
model.

The hydration layers obtained from the implementation of the force field developed by Raiteri
et al.* are closer to the surface, with slightly different orientation. The most significant
difference in the two force fields is the residence times of water, with the force field proposed
by Xiao et al.** yielding slower dynamics of interfacial water. In order to discriminate the most
reliable among the two force fields, relevant experiments are required. X-ray reflectivity data
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are available for the calcite-water interface?®?4? put they cannot identify the structure of
hydrogen atoms, due to the small scattering cross-sectional area. However, X-ray reflectivity
data are for the most part in agreement with the interfacial water structure predicted by both of
the force fields implemented in this work. Neutron diffraction has a better sensitivity to
hydrogen atoms. Other techniques such as Atomic Force Microscopy (AFM), and Infrared
Spectroscopy (IR) can be used to identify the surface distribution, hydrogen bonding and
orientation of water on mineral surfaces.®8 Sum Frequency Generation — Vibration
Spectroscopy (SFG-VS) and Optical Second Harmonic Generation (SHG) are surface-sensitive
techniques used to probe the structure interfacial molecules on solid/liquid interfaces. Nuclear
Magnetic Resonance (NMR) spectroscopy, a fast, non-destructive technique, could also be
used to probe the dynamics of water at solid-liquid interfaces.®®* The results presented here
will provide a dataset on which to compare future experimental studies, towards the
understanding of fundamental properties of relevance to large scale applications such as
enhanced oil recovery or carbon sequestration.
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SUPPORTING INFORMATION

Water density profiles along the Z direction at the various salt concentrations considered, in
systems using the force field proposed by Xiao et al.**; density profiles of Na* ions in 2 M
NaCl systems, surface density distributions of oxygen atoms in the second hydration layer of
systems with no salts and 2 M NaCl, obtained from the force field proposed by Raiteri et al.**;
oxygen - oxygen and Na* - oxygen radial distribution functions for systems with no salts and
2 M NacCl. This material is available free of charge at https://pubs.ac.org/doi/
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