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Abstract

This research concerns fundamentals of spontaneous transport of saltwater (1 mol.dm-3 NaCl
solution) in nano-pores of calcium carbonates. A fully atomistic model was adopted to
scrutinize temperature-dependence of flow regimes during solution transport under CaCOs
nano-confinement. The early time of capillary filling is inertia-dominated and solution
penetrates with a near planar meniscus at constant velocity. Following a transition period, the
meniscus angle falls to a stabilized value, characterizing the capillary-viscous advancement
in the calcite channel. At this stage, brine displacement follows a parabolic relationship
consistent with classical Lucas-Washburn (LW) theory. Approaching the slit outlet, the
meniscus contact lines spread widely on the solid substrate and brine leaves the channel at
constant rate, in oppose to LW law. The brine imbibition rate considerably increases at higher
temperatures, as a result of lower viscosity and greater tendency to form wetting layers on
slit walls. We also pointed out longer primary inertial regime as well as delayed onset of the
viscous-capillary regime at higher temperature. Throughout the whole span of capillary
displacement, transport of sodium and chloride ions is tied to dynamics and diffusion of the
water phase, even at the mineral interface. The results presented in this study are of broad

implications in diverse science and technological applications.
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Brine; Temperature.



Introduction

Fluid flow in nano-scale geometries is a phenomenon of broad interest in various scientific
and industrial disciplines 1, for instance, seawater desalination using membranes,
hydrocarbon flow in the subsurface formations, water uptake in concrete pores, fabrication of
nano-devices and disposal of nuclear wastes 2. In hydrology, underground water seeps from
aquifers to overlaying unsaturated zones in a natural process induced by capillary suction in
order to fill in fine pores of subsurface strata . It is important to understand the capillary rise
of saltwater in underground soil beds in order to evaluate the impact of human activities on
water resources, e.g., exploiting geothermal energy 6. Besides soil physics, capillarity is the
key mechanism in oil and gas production by injecting saline solutions into fine pores of

consolidated rocks constituting petroleum reservoirs 7.

It remains challenging to experimentally probe fluid transport in porous media at nano-scale
resolution 8. Owing to the extremely large surface-to-volume ratio at nanoscopic
confinements, surface forces dominantly contribute to fluid transport in such media °. On the
other hand, the granularity, i.e., discrete nature, of constituting species becomes important in
narrow spaces and a fluid may behave differently from a continuum expectation 0.
Concerning these matters, molecular dynamics (MD) simulations have been widely utilized
for interpreting and complementing empirical observations . It is a promising tool for
exploring fundamentals of fluid flow within tight pores, where classical fluid dynamics theory
fails to give an accurate picture 2. To date, MD simulation has been employed in diverse

research areas for scrutinizing solid-liquid interfaces in atomic details 3.

Zambrano and co-workers pointed out the anomalous dynamics of imbibition water imbibition
in silica nano-pores, not exactly complying with well-established microfluidics theories 4-6,
Later studies probed the influence of pore shape and also influence of imposing an external
electrical field on water imbibition inside silica channels 17. In the context of brine imbibition in

cementitious materials, Hou et al. carried out a theoretical study on the migration of ions
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contained in NaCl and Na>SO4 solutions in calcium-silicate-hydrate (CSH) slits 8. Further,
Wang et al. explored capillary adsorption of cesium chloride in CSH to assess durability of
that substance upon exposure to aqueous environments 9. MD simulation has also been
used to gain insight into the molecular mechanism behind oil mobilization by injecting
nanoparticles in silica rocks 20. He and co-workers analyzed imbibition strength of water
augmented by nanoparticles for displacing polar and apolar oils confined within silica and

synthetic nano-pores 20-22,

Despite numerous experimental and numerical studies conducted so far, yet structure and
dynamics of saline solutions imbibing into nano-confinements are not completely understood,
in particular little is known about carbonates. Calcite is the most abundant carbonate mineral,
majorly found in ultratight hydrocarbon-bearing formations, subsurface cap rocks and vadose
zones 2324, Besides, CaCOs takes an important role in biology, e.g., as a bone substitute or
coral skeleton 2526, However, there is a paucity of research on the capillary uptake into calcite
nano-pores. Motivated by this knowledge gap, we explored for the first time the spontaneous
transport of saltwater in a calcite nano-slit by applying atomistic simulation. The imbibing fluid
was represented by 1 mol.dm=3 NaCl solution in accordance with typical salinity of marine
and aquifer environments 27. As a further novelty of this research, we scrutinized flow regimes
of brine imbibition in the hydrophilic nano-confinement in a range of temperatures, namely,
300, 330 and 360 K. In the remainder of this paper, we will concisely explain the simulation
procedure and then provide an in-depth analysis on the dynamics and structural properties of
water and ions within the calcite channel. Finally, we will end up with some concluding

remarks.



Simulation protocol

Model construction

Spontaneous capillarity (i.e., capillary flow not driven by any external force like gravity or
pressure drop) was modeled by an 18 nm-long slit, which was constructed by placing two
parallel calcite slabs 6 nm apart in the z-direction (Figure 1). The chosen slit spacing is in
accord with the typical pore size encountered in nature and industrial applications, such as
shale reservoirs, cementitious materials and nano-devices 1928-30, Each slab was composed
of 14 calcium carbonate layers (~4.1 nm-thick) with areal dimensions of 5.8 x 18 nm? (LxxL,)
Calcite (1014) cleavage plane is the most stable and abundant polymorph of CaCOs mineral
in the nature 31, so that it was chosen to model slit walls. NaCl solution of salinity 1 mol.dm-3
represents imbibing saltwater in this study. The brine was constructed by randomly filling a
5.8 x 12.5 x 14 nm3 orthorhombic box with 30653 water molecules and 552 Na* and CI- ion
pairs using Packmol program %2, Initially, the solution was relaxed at the desired temperature,
(300, 330 or 360)K, and then was placed next to the channel entrance. Hou et al. carried out
a same procedure for simulating transport of saline solutions inside a CSH nano-pores 8.
Following suggestion by Wang et al. 9, boundary effect was avoided by creating two 10 nm-
thick vacuum spaces beside the slit's outlet and the aqueous solution by elongating the
simulation box in the y-direction (slit axis). Furthermore, two invisible hard walls were set at
the end side of those gaps to prevent water molecules flying out, as performed in relevant

investigations 20.33,

Simulation details

All molecular simulations were carried out using the LAMMPS package 34, which is an

efficient, general purpose program for conducting atomic-based simulations. The calcite slabs

were modeled by the potential developed by Xiao et al 35. In keeping with the parameterization

procedure followed for deriving the calcite force-field, water molecules were described by
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TIP3P model %. Sodium and chloride ions were treated as fully ionized atoms, i.e., carrying
charge valances 1+ and 1-, respectively, interacting through Coulombic and Lennard-Jones
(LJ) potentials adopted from Joung et al.3”. Short-range non-bonded interactions were
evaluated using 12-6 Lennard-Jones potential within the cut-off radius of 1.0 nm. Long-range
electrostatic Coulombic interactions were resolved by particle-particle particle-mesh (PPPM)
approach with the convergence tolerance of 10-5. Newton’s equation of motion was integrated
for each atom at discrete time steps of 1.0 fs using the velocity-Verlet scheme 3. The
trajectory (spatial coordinates and velocities) of all atoms were extracted every 200 fs for post-

analysis.

Throughout the simulations, calcium and carbon atoms of calcite slabs were spatially
constrained to avoid distortion or deformation of the slits walls. This practice is justified on the
basis of thermodynamic and kinetic characteristics of CaCOs. Calcite is a barely soluble
mineral and very slowly dissolves in water 3¢41, Also, by employing amplitude modulation
AFM, Ricci et al. pointed out the smooth nano-surface of CaCOj3 contacting aqueous solutions
42, The choice of constrained calcite surfaces is verified by a complementary simulation,
detailed in section S1 of Supporting Information (Sl). In sum, the present results can be
applied with confidence to real cases. Since our focus is on the dynamics of capillary flow,
dimensions of calcite slabs were kept constant at different temperature (not accounting for
thermal expansion/contraction). At first, an invisible wall was set at the slit's entrance to
prevent waters and ions from entering into the interlayer space. Then, the brine solution was
equilibrated in NVT (constant particle, volume and temperature) ensemble for 2 ns by
coupling to a Berendsen thermostat with a damping constant of 0.1 ps to attain the desired
temperature (either 300, 330 or 360 K). The chosen range of temperature covers typical
conditions encountered in various areas of scientific and applied research, such as geology,
reservoir engineering, ceramic industry, building materials, geothermal operations and

biological processes 4345, Next, the repulsive wall was removed and simulation was



progressed at the same temperature, controlled by Nose-Hoover thermostat until the brine
fully traverses the nano-channel. Throughout, temperature of the calcite walls was adjusted
by allowing oxygen atoms of carbonates to freely vibrate in response to a temperature same

as that of the imbibing solution.

Results

Advancing frontier of water and ions

As shown by snapshots in Figure 2, the brine solution advances in the calcite channel by
developing a crescent-shape front, much like what is intuitively experienced upon inserting a
capillary tube in a liquid . It was observed that water molecules migrate into the slit space
by gradually adsorbing on the calcite walls and filling the vacancy. Meanwhile, sodium and
chloride ions are carried by water molecules advancing through the pore. By comparing
system’s configurations at different timeframes, it is clear that the advancing meniscus
gradually evolves while brine advances within the calcite slit pore. Meniscus appears almost
planar at the entrance area and then gradually curves towards the pore outlet. Noteworthy,

the brine solution advances faster at higher temperatures.

For a quantitative description, solution frontier was tracked during imbibition, presented as
penetration length vs time in Figure 3. The location of brine frontier at any moment was
determined following a workflow proposed on the basis of Gibbs dividing line (detailed in
section S2 of Sl) 47. Meniscus location is defined as the axial (Y) coordinate where density
distribution profile of the intruding brine attains half of the mean water density inside the
penetrated space, which is graphically illustrated in Figure S3. It can be seen that the brine
displacement in the slit (Figure 3) approximately follows a parabolic relationship, in
accordance with the classical Lucas-Washburn (LW) theory 8. In this model, the imbibition

length due to capillary action is a function of the square root of time. It is also clear in Figure
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3 that the rate of brine imbibition, i.e., the slope of the penetration curve, steadily decreases
while solution traverses in the channel 4°. Although displacement diagrams appear parabolic
on the whole, two nearly linear parts are distinguishable, one at the very beginning and one
at the late stage of water transport, as identified in Figure 3. It means the brine moves at
constant velocity while entering into and leaving the calcite slit. Based on the snapshots taken
at each stage, insets of Figure 3, one may think of a piston-like flow at the entrance area of
the pore, whereas the brine movement at the pore outlet is driven in effect by creeping of the

meniscus margins on the exterior edges and corners of calcite slabs. Hence, capillary flow at

the pore outlet does not comply with the classical v time-law of LW theory. The slit outlet can

be thought of as the junction of pore body-throat in a typical porous network.

As can be seen in the displacement curves (Figure 3), the rate of capillary flow within the
calcite slit is noticeably temperature-sensitive, with fastest water transport at highest
temperature, 360 K. However, the water displacement does not vary linearly with the
temperature, as inferred by the displacement curve at 330 K being closer to that of 360 K. As
shown by tangent lines in Figure 3, the hotter solution intrudes faster into the slit. Moreover,
the constant velocity flow at the pore entrance persists in proportion to the brine temperature,
lasting up to 1.8, 2.7, and 3.6 nm from the pore entrance at 300, 330, and 360 K, respectively.
On the contrary, the incipit and length over which the brine displacement is affected by the
pore outlet seem temperature-independent. Notably, all displacement diagrams vary linearly
(identified by blue rectangle in Figure 3) about 2 nm before the slit outlet irrespective of the

temperature.

lons transport was tracked along the calcite pore (Figure 4), which is similar to the water
displacement curves at corresponding temperatures (Figure 3). Evidently, ions migration in
the slit is tightly coupled to the displacement of water phase, revealing faster propagation at
higher temperature. Similar to the water displacement, ion transport at the inlet and outlet of

the channel is subject to some peculiarities (Figure 4). Notably, ions speed up once
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approaching the capillary outlet, as implied by the positive curvature of the ions’ displacement
diagrams at the late stage of imbibition (Figure 4). This accelerating movement is possibly
due to the tendency of ions for adsorbing onto the exterior walls of the confining calcite slabs,

shown in inset of Figure 4.

As seen in Figure 4, advancement curves of Na* and Cl- closely overlap at any temperature,
reflecting their synchronous migration in the capillary. This comes with equal diffusivity of
those ions in a bulk NaCl solution, as experimentally verified by Mills and Lobo %. Therefore,
the chromatographic effect (i.e., the selective separation of certain constituents from a flowing
solution %) does not occur when the NaCl solution travels through the nano-sized calcite pore.
By plotting the instantaneous position of the leading edge and rear arc of the water meniscus
(Figure S4), one will notice the ions transport curves lie in between. It suggests the sodium
and chloride ions constantly appear in the interfacial region of the advancing meniscus,
possibly due to the favorable interactions with the calcite surface. It comes with the
observation made by Koleini et al. that Na* ions tend to bind onto the protruding oxygen atoms
on the basal plane of a calcite slab 5253, As a result, a positively charged layer by adsorbed
sodium cations is formed on the calcite surface, which in turn draws the chloride anions

towards the surface 5254,

Mean square displacement of water and ions

Mean square displacement (MSD) is a useful measure for quantifying extent of transport due
to diffusive spreading %. Figure 5 exhibits MSD diagram of ions and water at different
temperatures. We notice that the MSD curves of sodium and chloride ions run in parallel to
that of water. This means the ions’ transport through the capillary is connected with the
dynamics of solvating water molecules, which was speculated earlier upon comparing

displacement curves of ions and water (Figure S4). Concerning variation in the slope of MSD



diagrams (Figure 5), two diffusion stages are identified throughout the imbibition process. At
early time of imbibition (<100 ps), MSD diagrams of water and ions follow a linear relationship.
This stage, highlighted in purple, coincides with the constant velocity period identified by
green circle in displacement diagrams (Figure 3). Then, MSD transits to another linear regime
lasting until the end of displacement process. It is known that self-diffusivity of a species is
directly proportional to slope of its MSD curve. Simply put, steeper slope of a MSD diagram
means faster diffusion. With this in mind, water experiences weaker diffusion at the beginning
of imbibition, although the fastest displacement of water inside the capillary happens at this
period. Later, water molecular diffusion increases and at the same time, the rate of imbibition
drops gradually (inferred by the slope of displacement diagram, Figure 3). It suggests the
increasing role of molecular diffusion beyond the earliest stage of brine intrusion into the
nano-slit. Although water diffusivity enhances by increasing temperature in this study (Figure

S5), it is practically temperature-insensitive at the earliest time of water intrusion.

Meniscus thickness

The pattern of evolution of the meniscus width gives insight into the dynamics of fluid transport
in a nano-confined geometry. For this purpose, the meniscus thickness was tracked during
the water penetration by invoking the “90-10" criterion, whereby the meniscus thickness is
defined as the separation between the positions along the slit axis where water densities are
90% and 10% of the mean bulk value %. As displayed in Figure 6, the meniscus width
gradually changes as the solution moves forward in the calcite channel. In this respect, four
phases are distinguished throughout the brine capillary flow, as indicated for 300 K in Figure
6. At Phase 1, meniscus thickness steadily decreases while water penetrates inside the slit
until ~1 nm away from the pore entrance. This stage of interface evolution coincides with the
constant-velocity period already recognized in the displacement vs. time diagram (Figure 3).
Subsequently, at Phase 2, the meniscus thickness monotonically rises until reaching a
10



plateau at Phase 3 where oscillating about a constant value. The emergence of a nearly
constant interface width at Phase 3 signifies the establishment of a fully developed flow
regime. The persisting fluctuations arise from the discrete (non-continuum) character of the
moving fluid at sub-nanometer 1657, Eventually, at Phase 4, the brine approaches the
channel’'s outlet and the meniscus thickness increases immediately. It comes about by the

leading edges of the water interface being drawn to the calcite outlet.

The evolution of meniscus width along the slit axis is critically connected to the brine
temperature. Consistent with displacement vs. time data presented earlier in Figure 3, the
flow regime particular to the early time of imbibition (Phase 1 in Figure 6) lasts longer at
higher temperature. Likewise, the brine experiences a longer transition period at higher
temperature (Phase 2 in Figure 6) before achieving a stable meniscus thickness. It is also

noticed that capillary flow of a hotter brine is accompanied by a wider stabilized meniscus.

Dynamic contact angle

The meniscus dynamically changes while the brine penetrates in the calcite channel.
Meniscus angle throughout water imbibition was obtained through the workflow described in
section S5 of Sl. Figure 7 exhibits the evolution of contact angle in terms of the propagation
length in the calcite slit. Much like the interfacial thickness (Figure 6), the variation of the
brine contact angle along the channel falls into four phases, specified for 300 K in Figure 7.
Once the solution intrudes the capillary, meniscus angle increases to ca 60-80e, that is the
largest contact angle encountered throughout the imbibition process. This happens in
contrast to strongly water-favoring feature of an intact CaCOs crystal surface 8. However, it
is in accord with the decreasing interface thickness, labeled as Phase 1 in Figure 6. Following
this stage, the meniscus angle gradually decreases throughout the brine penetration and

eventually becomes stabilized around a mean value, Phase 3 in Figure 6. By increasing brine
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temperature, the meniscus takes longer to fully develop. Notably, the meniscus comes to a
smaller stabilized angle at higher temperature, with mean values 40 ¢, 20°, and 8° at 300,
330 and 360 K, respectively. It is argued that the brine interface undergoes a transition during
which the meniscus steadily develops and at the same time, the contact angle decreases until
both being stabilized. Overall, there is a one-to-one relationship between the evolution of
meniscus angle and thickness, with the smaller contact angle, wider the brine interface is.

Eventually, meniscus angle drops to zero close to the capillary outlet at any temperature.

Local distribution of water and ions adjacent to the calcite surface

To gain further insight into the capillary transport of water and ions, the local densities of water
and ions adjacent to calcite walls were analyzed (Figure 8), using atomic trajectories
collected during the stabilized flow (Phase 3 in Figures 6-7). Distribution profiles can be
thought of as the probability distribution of observing a certain atom type at a given distance
from the calcite walls (z-direction). It was calculated along the z-direction (perpendicular to
the calcite surfaces) by tracking and time-averaging appearance of a given atom type within
a set of conceptual 0.1 A-thick bins lying parallel to the slit's axis (schematically illustrated in
Figure S7). Distribution profiles over the slit spacing were symmetrized around the slit's axis
in order to magnify important details of species distribution adjacent to the calcite surface. In
all diagrams of distribution profiles, reference coordinate (z=0) is defined by the plane passing
through the topmost calcium atoms of the bottom CaCOs slab. Four peaks are distinct in the
distribution profile of the oxygen atom in water (Ov), as labeled in Figure 8. The same holds
for the number density of hydrogen atom in water (Hw), shown in Figure S8. The number
densities of Ow and Hw exhibits an oscillating profiles up to 1 nm outward from the calcite
surface and eventually reach constant values characterizing a bulk-like behavior. It suggests
the formation of dense wetting monolayers nearby the calcite surface. The interfacial water
layering observed at spontaneous flow here is apparently similar to that reported by Koleini
12



et al. for case of stationary interface of the brine-calcite system 5° The primary water
monolayer, labeled 1 in Figure 8, has been described as a solid-like layer in which water
molecules are strongly held in place by strong near-surface interactions due to H-bonding

with basal carbonate groups 0.

The ions structuring within the calcite-brine interface impacts their transport through the
channel %, Sodium ions tend to accumulate adjacent to the calcite surface, as inferred by the
sharp peak of the Na* profile at ~ 3 A away from the substrate plane. In our previous work, it
was revealed the oxygen atoms in the carbonate groups of the CaCOs basal plane are
favoring binding sites for adhering Na* cations through inner-sphere mode®. Unlike sodium
ions, Cl-ions mostly appear between the third and fourth wetting layers, as seen in Figure 8.
They accumulate in the vicinity of the calcite surface by pairing with already adsorbed Na*
ions. 42 For the sake of completeness, density distribution profiles are compared at stabilized
and early time flow (Figure S9). It can be seen that near-surface adsorption layers subtly

evolve by water penetration inside the capillary.

There is a systematic lowering of water and ion distribution peaks with increasing brine
temperature. Temperature pronouncedly effects on the distribution profile of ions to the extent
that height of sodium and chloride peaks reduces appreciably upon heating the flowing brine
from 300 to 360 K. It seems that water and ions are less prone to be localized near the calcite
surface at higher temperatures. Not specific to this study, Giovambattista et al. explored
phase behavior of water confined within hydrophilic and hydrophobic plates and pointed out
weaker water structuring near walls surfaces at higher temperature 62. Atoms become excited
and move faster by gaining larger thermal (kinetic) energy at higher temperatures. As a result,

they would be weakly affected by near-surface interactions.
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Axial velocity profile across the channel

Velocity field within the calcite channel was obtained to further analyzing dynamics of capillary
uptake and its response to temperature. Figure 9 shows the axial water velocity profiles at
Phases 1 and 3 recognized in Figures 6-7 and different temperatures. Each profile was
obtained by averaging the axial (y-component) velocity of water molecules in a set of 0.1 A-
width bins parallel to the channel walls (see Figure S7). The water velocity field, Figure 9,
exhibits a plug-shape profile at the early time of capillary displacement (Phase 1). That is to
say, the patches of water molecules in bins normal to the calcite walls travel together at the
earliest time of water intrusion. Further, we note the finite (non-zero) water velocity close to
the slit walls, indicating slippage of water molecules at the calcite walls. It should be
emphasized that flow boundaries do not exactly meet bare surface of calcite walls; because
the water monolayers closest to the calcite substrate are immobile, i.e., with zero velocity. We
also notice higher imbibition velocity by increasing brine temperature (Figure 9). It is

consistent with faster early intrusion of water at higher temperature (Figure 3).

Particular to stabilized imbibition regime, the water velocity profile is parabolic-like by varying
from zero close to the flow boundaries to a maximum value along the central axis of the
interlayer gap. Again, the primary wetting layer adjacent to the calcite slabs remains immobile.
We could argue that near-surface interactions is so strong as if the primary water monolayer
sticks on the calcite surface. Similar to the early flow period, the imbibition velocity increases
as a function of the brine temperature at this stage. Common in both flow regimes, the velocity
profile at 330 K is closer to that of 360 K, in accordance with the displacement curves in

Figure 3.
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Discussion

It is well-documented that inserting a capillary into a wetting solution triggers its rapid suction
in response to solid-liquid attractions 83. This spontaneous process, naturally occurring in fine
pores of subsurface strata, was studied here using MD simulation to gain a molecular-level
insight into the dynamics of imbibing water and ion transport. To this end, 1 mol.dm-3 NaCl
solution at varying temperatures, (300, 330 and 360) K, was brought into contact with a calcite
channel and its capillary uptake was analyzed during imbibition in terms of displacement
length, dynamic contact angle, meniscus thickness and axial velocity field. By these
considerations, water transport inside the capillary follows several consecutive flow regimes,

which are discussed in the following:

Inviscid flow

At the beginning of intrusion, water advances in the channel with an almost planar meniscus
up to ~1 nm. The near perpendicular contact angle at this period signifies a neutral-wet state,
in conflict with the strongly hydrophilic character of neat surface of CaCOs crystals . It should
be noted that the chemical identity of the confining calcite slabs, and thus their wetting affinity
essentially remains intact during the water adsorption. For this reason, the abnormally large
meniscus angle at the very early stage of imbibition is ascribed to small contribution of
capillary force relative inertia for driving the solution inside the channel. Water flows piston-
likely at the earliest time of intrusion. The uniform velocity distribution perpendicular to the
transport direction signifies a shear-less flow, termed inviscid flow '. Special to velocity field
at this flow regime, there is a slip (non-zero) velocity adjacent to solid walls. Such slippage

has frequently been pointed out for force-induced fluid transport in nano-scale pores 5.

Water intrusion is triggered by capillary suction at the pore entrance. Snapshots in Figure

$10 displays the initiation of capillary flow when meniscus edges touch corners of calcite
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slabs. Water is instantly pulled into the slit and moves shortly in response to inertia (bulk
momentum) effect. It is well reflected in the uniform velocity profile at this stage (Figure 9).
Such inertia-dominated flow regime was already reported by Oyarzua et al. while studding
capillary adsorption in silica nano-confinements 15. We noticed that water displaces longer
and faster during the inviscid flow regime at higher temperatures, as a result of lower density
and viscosity. Figure 10 presents density and shear viscosity of water under confinement and
at different temperatures, which were obtained according to the workflow explained in
sections S10-11 of Sl.

Stabilized (capillary-viscous) imbibition

Following the early inviscid regime, meniscus angle, 6, drops gradually to attain an ultimate
constant value. This reveals the increasing contribution of capillary force throughout water
displacement within the calcite conduit, in accord with the famous Young-Laplace equation

for capillary pressure, P, :

40 cos O
p=— ()

where o and u stand for surface tension and viscosity of water, respectively. H denotes

interlayer spacing of the slit. According to Eq. 1 and using water properties reported in Figure
10, capillary pressures at stabilized flow regime are 266, 301 and 286 bar at 300, 330 and
360 K, respectively. Such extraordinary capillary pressures reflect the strong surface forces

driving water within the nano-channel.

Particular to this flow regime, velocity profile across the slit aperture appears parabolic
(Figure 9), with maximum velocity occurring along the central axis of the channel. It comes
with an appreciable velocity gradient near the calcite walls, implying the significance of

viscous drag. At this regime, the length displaced by water, L;, at any instance, t, is connected
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with relative magnitude of pulling capillary force and resisting viscous drag. This relationship

is mathematically described by classical LW equation 67

gcos6
L= |H “\t (2)
3u

with subscript e emphasizing value of contact angle for an equilibrated (stabilized) meniscus.
Since classical LW equation was developed for flow within micro-capillaries, the slit spacing,

H, in Eq. 2 should be regarded as volumetric spacing of the channel, H,,.

Penetration lengths predicted by Eq. 2 deviate markedly from MD results, Figure S16.a.
However, classical LW equation captures the general trend of water advance at different
temperatures. In particular, the displacement curve predicted by LW theory at 330 K is closer
to that of 360 K, which is consistent with atomistic results (Figure S16.a). Classical LW
equation was developed by assuming constant meniscus angle during the capillary flow and
neglecting the inertial effect 6. Bosanquet equation is an improved version of the classical
LW theory which incorporates both inertia and dynamic contact angle (detailed in section S12
of Sl) 15

2A? 1
2 _ _ (1 _ ,-Bt 3.a
L= [t (1 )], (3.2)
o cos 0,
A= 2 ) (3'b)
1’ pHy
12u

where p stands for mean density of liquid within the slit. H,, and H,, denotes the volumetric
(total) and hydrodynamics spacing of the slit, respectively, such that H, > Hj due to

diminished cross section of flow by fluid layering near solid walls. As shown in Figure S16.b,
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the displacement lengths predicted by Bosanquet equation are fairly in agreement with MD

results.

According to classical LW theory (Eq. 2), capillary filling rate is proportional to relative
magnitude of capillary to viscous forces. In this sense, faster imbibition of hot brine (Figure
$16.a) reveals the weaker contribution of viscous dissipation at high temperature. We already
notified reduction of viscosity, surface tension (Figure 10) and meniscus angle (Figure 7) of
water confined in the calcite channel upon increasing temperature. Results presented here
reveal that fluid viscosity could critically impact kinetics of capillarity, depending on the fluid
temperature. The central role of viscosity has been already notified in the case of two phase
flow. For example, a theoretical study conducted by Wang et al. revealed that water viscosity
regulates the rate of oil displacement by an aqueous solution intruding into a quartz nano-
pore 2, The decreasing trend of water contact angle with rising temperature has also been
recorded in former studies. For instance, through a systematic experimental investigation on
steel surfaces, Song et al. argued the stronger water wetness at elevated temperatures stems
from the weakened cohesive interactions in water phase and thus, their higher tendency for
adsorbing on the solid substrate 8. |t means the hot brine tends to adhere stronger on surface

of the confining wall.

From a molecular viewpoint, capillary uptake is driven by progressive adsorption of water
molecules on the calcite walls and forming wetting layers (Figure 8). The near-surface
interactions are so strong that primary wetting monolayers remain immobile during the water
imbibition, i.e., having zero velocity (Figure 9). Those monolayers are even stationary at the
inviscid stage of water displacement. Hence, one may hypothesize the spontaneous
imbibition is ruled by diffusive spreading of molecules inside the channel. mostly at the middle
of the channel. In this circumstance, water molecules in the channel center continuously move
ahead and adsorb on the calcite walls to form wetting layers. MSD diagrams (Figure 5)

highlight the increasing role of water diffusion beyond the early inviscid flow regime.
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End effect

Dynamic features of a fluid leaving a nano-capillary has been vastly neglected in former
researches. Our analyses revealed the special behavior of solution upon leaving the calcite
slit. In this process, water displacement curve does not comply with classical LW relationship
and water frontier passes the channel outlet at a constant pace of advancement. Judging by
snapshots captured at the end of imbibition process, the leading contact lines of the meniscus
spread towards the exterior edges of calcite slabs. As shown in Figure $18, the velocity field
at this stage appears parabolic, similar to the velocity profile of stabilized flow regime (Figure
9). Itimplies the viscous dissipation appreciably contributes to the meniscus movement at the
channel outlet, even though the displacement profiles varies linearly at this stage (Figure 3).
Throughout, we expect stronger near-surface interactions as a result of the brine phase
excessively touching the calcite surface. This is well mirrored into the meniscus angle
dropped to zero at late stage of imbibition (Figure 7). One could think of the special balance
of viscous and near-surface forces causing the peculiar dynamics of water displacement at

the slit outlet. Moving forward, we will further scrutinize this special imbibition regime.

lon transfer in the calcite channel

|t was recognized the hydrodynamics of water phase impacts transport of sodium and chloride
ions throughout all flow regimes described above. Even, ions localization at the calcite
interface is connected with axial travelling of water molecules. We know from former
investigations that sodium cations tend to adhere directly on the calcite surface through
pairing with protruding oxygen atoms of basal carbonate groups; thus, forming a positively-
charged layer over the calcite surface 9369, It is mirrored into the sharp peak of Na* distribution

profile, shown in Figure 8. In comparison to the static contact of NaCl brine-calcite 3861, two
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extra peaks emerge in the distribution profile of Na* cation in case of water imbibition into the
calcite slit (Figure 11). The primary peak of Na* diminishes at dynamic condition as well. We
further notice that 1st and 2nd maxima of Ow and Hy distribution profiles are markedly larger at
dynamic (imbibition) condition compared to static state (Figure 11). It implies the greater
ability of water molecules to occupy interstitial sites on calcite surface when imbibing into an
empty capillary. It can be argued that denser wetting layers formed by imbibing solution inhibit
direct access of Na* ions to the calcite surface. Upon this argument, the extra peaks appeared
in the distribution profile of Na* cations could be ascribed to ions entrained by water molecules
at moving wetting layers. For chloride, three peaks are distinguished in Figure 11, with the
primary one lacking at dynamic condition. Apparently, water imbibition does not appreciably

impact distribution of CI- anions at calcite interface in this work.

In sum, lons transfer within the calcite slit in response to their own thermal (kinetics) energy,
interaction with the confining calcite slabs, and hydrodynamics and diffusion of solvating water
phase. Therefore, slit geometry (particularly, interlayer spacing) and salt concentration would
play a determining role on the behavior of ions inside the capillary. Future works will examine

impact of those parameters on capillary flow of saline solutions under nano-confinement.

Conclusions

This research concerned spontaneous uptake of a NaCl solution by a calcite nano-capillary.
By employing atomistic simulation, dynamics and surface structuring of ions and water
molecules were assess throughout the imbibition process at a wide range of temperature.
Depending on the relative contribution of surface (capillary) force, viscous drag and inertia,
solution experiences distinct, consecutive capillarity regimes within the nano-channel.
Displacement is triggered by capillary suction and then, solution advances piston-likely, i.e.,

with uniform velocity profile and a near planar interface, in response to inertia effect. Following
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this so-called inviscid (or early time) flow regime, imbibition transients to stabilized capillary-
viscous displacement, where meniscus angle falls to a stabilized value. Meanwhile, brine
advances diffusively by progressive adsorption of water molecules on walls of confining
calcite slabs to form wetting monolayers. Eventually, a peculiar imbibing regime emerges by
approaching to the channel outlet, in which water moves at constant velocity as a result of
contact lines touching corners and exterior edges of solid slabs. Throughout the capillary
filling, Na* and ClI- ions transport synchronously inside the calcite slit with their motion tightly
coupled to hydrodynamic and diffusion of water. We observed disparate distribution of ions

and water molecules adjacent to calcite walls at static and imbibing states.

Brine transports faster within the channel by increasing temperature and should travel longer
in the slit to develop a stabilized meniscus, i.e., with constant contact angle and interface
thickness. Density, surface tension, viscosity and equilibrium contact angle reduces by
elevating temperature of confined solution. Also, ions and water weakly localize nearby the
calcite surface at high temperature. By comparing displacement diagrams obtained by MD
simulation and classical Lucas-Washburn equation, the faster capillary flow of water at higher
temperature was ascribed to diminished contribution of viscous friction relative to capillary

attraction.
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Figure 1 Initial configuration of the atomistic model of 1 mol.dm-3 NaCl solution imbibing into a CaCO3 nano-

channel.
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Figure 2 Snapshots of brine imbibition in the calcite slit taken at certain instances: (0.1, 0.5, 1.0 and 1.5) ns,
at different temperatures (300, 330 and 360) K. Note the channel’s axis is aligned with Y-axis.
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Figure 3 Penetration length (open circles) of water in the calcite capillary as a function of time at different
temperatures (300K: yellow, 330K: orange, and 360K: red). Two constant velocity regimes are distinguished
at very beginning and late stage of brine displacement, identified by green circle and blue rectangle,

respectively.
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Figure 4 Temporal evolution of Na* (open squares) and CI- (filled circles) ions transport within the calcite
channel at different temperatures (300K: yellow, 330K: orange, and 360K: red). The early and late stages of
brine penetration is identified by green circle and blue rectangle, respectively.
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Figure 5 MSD diagrams of water (solid line), Na* (dashed line) and CI- (dotted line) at different temperatures

(300K: yellow, 330K: orange, and 360K: red). Two diffusion regimes are highlighted in purple and blue.
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Figure 6 Meniscus thickness varies with respect to location of brine frontier in calcite slit at different

temperatures (300K: yellow, 330K: orange, and 360K: red). Meniscus thickness is defined schematically in
the inset.
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Figure 7 Dynamic contact angle at varying positions of water frontier in the calcite slit shown for different
temperatures (300K: yellow, 330K: orange, and 360K: red). The arrows specify the end of meniscus
developing stage at corresponding temperatures. The MD results are shown as scatter points and solid lines

are corresponding running averages. Meniscus angle is defined schematically in the inset.
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Figure 8 Density distribution profiles of oxygen atoms in water (Ow), Na* and ClI- ions adjacent to the calcite
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surface. The reference coordinate (z=0) corresponds to the plane passing the outmost calcium ions of the
calcite substrate. Peaks in each diagram are labeled consecutively. The color codes for atoms shown in the
inset are sodium: blue, chloride: dark green, calcium: light green, carbon: black, and oxygen: red.
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Figure 9 Axial velocity profile of water in the calcite slit obtained at Phase 1 (dotted lines) and Phase 3 (solid
lines). The dotted vertical lines indicate positions of primary wetting layers, i.e., primary peaks in Oy density

profiles.
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Figure 10 Density (blue bars), viscosity (red bars) and surface tension (above each bar, in units of mN.m-") of TIP3P

water confined within a calcite slit of 6nm spacing at different temperatures.
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Figure 11 Density distribution profiles of oxygen atoms in water (Ow), hydrogen atoms in water (Hx), Na* and
Cl-ions adjacent to the calcite surface obtained at dynamic (imbibing flow) and static states using data adopted
from Koleini et al. 3. The reference coordinate (z=0) corresponds to the plane passing the outmost calcium ions
of the calcite substrate. Peaks in each diagram are labeled consecutively. The color codes for atoms shown in

the inset are sodium: blue, chloride: dark green, calcium: light green, carbon: black, and oxygen: red.
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