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Abstract:

A fluid flow in a nanochannel highly depends on the wettability of the channel surface to the fluid.
The permeability of the fluid is usually very low, largely due to the adhesion of fluid at the solid
interfaces. Using molecular dynamics (MD) simulations, we demonstrate that the permeability of
water in a nanochannel with rough hydrophilic surfaces can be significantly enhanced by the
presence of a thin layer of supercritical carbon dioxide (scCO,) at the water-solid interfaces. The
thin scCO; layer acts like an atomistic lubricant that transforms a hydrophilic interface into a super-
hydrophobic one and triggers a transition from a stick- to- a slip boundary condition for a nanoscale
flow. This work provides an atomistic insight into multicomponent interactions in nanochannels
and illustrates that such interactions can be manipulated, if needed, to increase the throughput and

energy efficiency of nanofluidic systems.
Introduction

Fluid slip along a fluid-solid interface is a fundamental topic in nanofluidics.!-3 The degree of fluid
slip is quantified by the slip length b, the distance extrapolated from the wall to where the flow
velocity equals the wall velocity.* When b is much smaller than the channel height 4 (i.e., b <<
h), the slip can be ignored. This is true for most macroscopic flows for which a no-slip boundary
condition is usually applied. Under nanoconfinement, the hydrodynamic slip can no longer be
ignored, especially when b~h.* Large slip length is the main contributor for the massive flow

enhancement in carbon nanotubes® and graphene nanopores.5 7
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Increasing fluid slip is often assumed to be associated with increasing surface hydrophobicity.3-1
However, a few reports have suggested that slip can occur on hydrophilic surfaces!!- 12 and that
water molecules can stick on hydrophobic substrates.'* Manipulating surface properties and fluid-
surface interactions to obtain a large slip is a matter of growing interest in science and technology,
especially for practical applications including self-cleaning surface and energy conversion in
nanofluidic devices.!"* Because of the correlation between surface hydrophobicity and
hydrodynamic slip, super-hydrophobic surfaces (i.e., with a contact angle larger than 150°) are
usually designed to obtain large fluid flow enhancement. Such surfaces can be fabricated by
engineering a shear-free air-liquid interface into a solid-liquid one using hydrophobic surface

chemistry combining with micro- or nano-scale topological control of the solid surface.* 15 16

The question is whether it is possible to obtain a super-hydrophobic surface from an existing
hydrophilic one without severely altering its chemistry or physical properties. A transition of a
hydrophilic- to a hydrophobic surface may trigger a transformation from a stick- to- a slip
boundary condition for a nanoscale flow. Here we present a MD simulation study to demonstrate
the possibility for such a transition by exploiting the competitive adsorption of water and scCO,
onto a rough nanochannel surface. We show that a thin layer of scCO, at a water-solid interface
can act as an atomistic lubricant that can greatly facilitate a slipping fluid flow in a nanochannel.
Our work points to a new mechanism and an engineering approach as well for increasing the
throughput and reducing the energy consumption of nanofluidic systems in a wide range of energy-

related or other applications.
Results and discussion

The MD simulations were performed on a water-kerogen system in the presence or absence of an
accessory fluid or gas (i.e., scCO,, N,, or CHy). Kerogen is a natural carbon material that provides
a useful modeling system for understanding a potential effect of surface roughness and functional
groups on a fluid flow in nanoconfinement.!” In addition, kerogen is a major component in a shale
gas/oil reservoir, and understanding fluid flows in kerogen nanopores is of great interest to gas/oil

production from an unconventional reservoir.!7-1?
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Figure 1. Simulation snapshot illustrating the flow of a water (red and white spheres) and CO,
(green rods) mixture confined in kerogen nanopore (silver) (A). The size of the system without
and with scCO, are 8.96x10.36x5.32 nm? and 8.96x10.36x6.79 nm?, respectively. In the flow
simulation, water molecules were forced to move in the x direction while the kerogen surface was
kept stationary. Density and velocity profiles for pure water (B), and for the water and CO, mixture
(C) confined in the kerogen nanopore obtained when water flow is fully established. Planes A and
B in Fig. C mark top and bottom interfaces. Planar density distribution of CO, at top water-CO,-
kerogen interface (D). The color scale in Fig. D represents the density of CO, (1/A3).

In Fig. 1A we present a MD simulation snapshot to illustrate the geometry of a nanochannel used
to study fluid flow in kerogen nanopores. It has been documented that significant amounts of water
are found in kerogen nanopores, especially fine pores.?%-2! In this study, we focus on the interaction
of multicomponent fluids including CHy4, CO,, N,, and H,O in kerogen nanopores. The kerogen
surface in Fig. 1A was created from an over-mature kerogen molecule model shown in Fig. 2A.
This realistic kerogen molecule model was designed to represent the chemistry of the kerogen

found in the Duvernay shale.?? In our previous work,!71? a periodic porous kerogen structure was
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built to study both gas adsorption and transport, and the chemo-mechanical coupling between gas
sorption and kerogen swelling. In this study, a different approach was employed to build a kerogen
surface that is periodic in x and y directions, and non-periodic in z direction. The details of the
method and the force field information used for the kerogen surface construction can be found in
Supporting Information (SI). To construct the kerogen surface, we first built a kerogen/muscovite
interface (Fig. 2B), representing an inorganic/organic interface analogous to those observed in
SEM (Scanning Electron Microscope) images of shale samples.?* The muscovite surface was then
removed to create a kerogen-vacuum interface (Fig. 2C). The kerogen surface contains hydrophilic
functional groups with oxygen, nitrogen, and sulfur atoms, and hydrophobic hydrocarbon groups
as well.?2 The result reported in Fig. 2D also suggests that a kerogen surface is rough at an atomistic
level. This rough surface is probably a better representation of many actual nanofluidic systems,
and the effect of surface roughness on fluid flows is an interesting topic for nanofluidics research.?*
25 Note that the constrained parameter used to build the kerogen surface is the density of the
kerogen slab (see SI for more details). There is no control on the surface roughness in the

simulation to construct the kerogen surface.

In our simulations, the water flow was driven in the x direction by an acceleration of 3x10
Kcal/A.g (i.e., ~12.55x10'2 m/s?) applied to all water molecules present in the kerogen
nanochannel as shown in Fig. 1A (i.e., Poiseuille flow, see SI for more details). The presence or
absence of hydrodynamic slip can be studied when a steady state is reached. The temperature was
set at 300 K. The pressure in the z direction was 200 atm, which is typical for a shale gas/oil
reservoir or geological storage of CO,. Comparing the velocity profiles of water in the system with
and without scCO, reveals the effect of scCO, on the water flow in kerogen nanochannels. In Fig.
1B, we report the density and velocity profiles of pure water in the kerogen nanopore (i.e., the
system without scCO,). Water-kerogen interface was defined to be the regions where the water
density equals 10% of the bulk water density. The density profile indicates that the water density
reaches bulk density (~0.033 molecules/A3 or ~1 mg/l) at the pore center and gradually reduces
toward the kerogen surfaces. Because of the surface roughness, we do not observe multiple
interfacial water layers on the kerogen surface as we observe in the 1D density profile for water
on a flat surface.!! The velocity profile of water in the nanochannel (Fig. 1B) indicates that at the

water-kerogen interface, the water molecules have a zero velocity (with minor fluctuations around
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zero due to thermal noises). Therefore, the water flow in the kerogen nanochannel exhibits a no-

slip boundary condition.

WWNN 2 2mO
oo mo

Figure 2. Model kerogen molecule used in this work (A). Note that the color code for kerogen
atoms is different from that for kerogen atoms in Fig. 1. Silver, red, blue, yellow, and white spheres
represent carbon, oxygen, nitrogen, sulfur, and hydrogen, respectively. Simulation snapshot
demonstrates the kerogen/muscovite (cyan) (B) and kerogen/vacuum (C) interfaces. The altitude
z of the uppermost kerogen atoms as a function of x and y (D). The contour plot in Xy plane is the
projection of the z coordinates. The color scale in Fig. D represents the z coordinates.

The no-slip boundary condition observed for water flow in the kerogen nanochannel is consistent
with the contact angle result presented in Fig. 3A. A water droplet of 1100 water molecules was
placed on the kerogen surface and equilibrated using an NVT ensemble [constant number of atoms,
volume, and temperature (300K)]. The contact angle of 42.8°+6.5° (see SI for more details about
contact angle and error calculations) suggests that a kerogen surface is hydrophilic. Interestingly,
when adding scCO, at 200 atm into the system of Fig. 3A (see SI) the partially water-wetting
kerogen-water interface transforms into a non-water-wetting interface (i.e., with a contact angle of
180°, Fig. 3B). This transition is reversible because when we remove all the CO, molecules, the

water droplet in Fig. 3B converts back to the droplet in Fig. 3A. The dynamics of the transition
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from a small contact angle water droplet into a spherical droplet is of great interest for both
fundamental understanding and practical applications, for example, for the development of smart
self-cleaning surfaces and more robust coating agents.?® The transition from a hydrophilic to
hydrophobic kerogen interface when adding scCO, is in good agreement with experimental data

that the contact angle of water on mineral surfaces increases with increasing CO, pressure.?’ 28

Figure 3. Simulation snapshots illustrating the final configurations of 1100 water molecules
droplets in vacuum (A), in 200atm CO, (B), N, (C), and CH4 (D) on a kerogen surface. Water
molecules are shown in red and white. Kerogen atoms are all colored as silver. CO,, N, and CH,4
are exhibited in green, cyan, and purple, respectively. See SI for force field information and
simulation conditions.
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When scCO; is replaced by N, or CHy at the same gas pressure (200 atm), the contact angle
increases compared to that of water in air (or vacuum). The contact angle of water in 200 atm N,
(Fig. 3C) or CH4 (Fig. 3D) is 63.52°+£0.21° or 79.18°+1.97°, respectively. However, the contact
angle is still smaller than 90°, indicating that the kerogen surface remains hydrophilic in N, or CHy
atmosphere. The competitive adsorption of the scCO, over water onto the kerogen surface is the
key factor for the transformation of a partially water-wetting into a non-water-wetting interface.
In our previous work!® we show that kerogen has higher affinity for the adsorption of CO,,
compared to CH,4 and N,. For this reason, the contact angle of water droplet in scCO, is larger than

that of water droplet in CH4 and N, at the same gas pressure.

The dewetting of a small contact angle droplet into a spherical drop by adding scCO, presented in
Fig. 3 has interesting consequence regarding the water flow in nanochannel. In Fig. 1C, we show
both water and scCO, densities and velocities within the kerogen nanochannel. The water
concentration is the same as in Fig. 1B. The CO, molecules were introduced in the middle of the
pore (see SI) at the beginning of the simulation with a CO,/water ratio of ~0.19 (2100 CO, and
10950 H,O molecules). The pressure and temperature are the same as those used for the system in
Fig. 1B (T =300 K, P =200 atm). At equilibrium, some CO, molecules adsorb inside the kerogen
structure, and some CO, molecules dissolve into the water. However, the focus of this discussion
is the CO, layer formed at the water-kerogen interface (i.e., 10A CO, layers centered at planes A
and B in the density profile in Fig. 1C, more details of the configuration of the CO, layer with
respect to kerogen atoms is provided in the SI). These CO, layers form because of the competitive

adsorption of CO, over H,O onto kerogen surfaces, which will be explained later.

The velocity profile of CO, indicates that CO, flow exhibits a no-slip boundary condition at
kerogen/CO, interface. At CO,/water interface, water flows faster than CO, (i.e., at planes A and
B in Fig. 1C, note that there is no external force applied on CO, molecules, CO, molecules move
in the x direction is because of the interaction with water). Therefore, water slips on CO, layers.

The velocities of water at planes A and B in Fig. 1C are 22 m/s and 32 m/s, respectively. From the
F
slip velocity one can estimate the friction coefficient A using A = ﬁ where Fyis the friction force

(force parallel to the flow direction), v; is the slip velocity, 4 is the surface area, and factor 2’ is
for two interfaces in our simulation box.3 2% 30 The friction force equals the total external force

acting on all water molecules (i.e., 59.13 Kcal/mol.A). For the flow with CO, layers, the friction
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coefficients are ~100x10* and ~69x10*Ns/m? at planes A and B, respectively. For the case of no-
slip boundary condition of water flow without CO,, (i.e., zero slip velocity v,=0) one can estimate
the friction coefficient from the equilibrium data (i.e., obtained from equilibrium simulation
without external force) using the Green-Kubo relation, which is beyond the scope of this work.>
31 In addition, the calculated slip lengths at planes A and B are 8.56+1.00A and 15.81+4.28A,
respectively (see SI for more details). The differences in the slip velocity and slip length at planes
A and B are due to the fact that the kerogen interfaces at planes A and B are not the same and the
amount of CO, accumulated at planes A and B is different (see the CO, density profile). The finite
velocities at planes A and B strongly indicate that water flow in the kerogen nanochannel in the
presence of scCO, exhibits hydrodynamic slip, which is substantially different from the no-slip

water flow observed in Fig. 1B.

Because of the slip effect the water flow rate for the system with scCO, is ~4 times higher than
that for the system without scCO, (i.e., enhancement factor of 4, comparing on the basis of the
same amount of water molecules in the kerogen nanochannel). The result thus demonstrates the
capability of an interfacial scCO, layer acting as an atomistic lubricant in enhancing water flow in
a nanochannel with rough hydrophilic surfaces. This idea is in some sense similar to the existing
approach to engineering a shear-free air-liquid interface into a solid-liquid interface by introducing
nanometer to micrometer-scale roughness onto a solid surface,? but here a gas-liquid interface is
introduced at a much smaller scale (at a molecular scale). We believe that surface roughness is not
necessary for the enhanced permeability. The preferential adsorption of scCO, over water onto a
smooth surface would enhance the flow rate of water as well. In Fig. 1D we show the surface
density distribution of scCO; on the xy plane (i.e., density map). The CO, molecules within the
10A layer centered at the plane B were considered in this calculation. The density map indicates
that CO, molecules spread all over the kerogen surfaces; however, the molecules are not evenly
distributed because of the surface roughness. This illustrates the effectiveness of scCO, to

intercalate between water and kerogen surfaces to form a new kerogen-scCO,-water interface.

In our work, the simulation box is periodic in the flow direction. Some CO, molecules in the
middle of the pore and in the layers at planes A and B leave the channel at one end and enter the
channel at the other end (see CO, velocity profile in Fig. 1C). The CO, density profile indicates

that CO, layers remain in between water and kerogen during flow simulation. In reality, the
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channel is usually short and has two ends. To maintain the lubricant effect for water flow, we may

need to introduce additional CO, with water at the entrance.

To provide more details about (1) the competitive adsorption of CO, over H,O onto a kerogen
surface leading to the formation of a stable CO, layer between H,O and kerogen as shown in Fig.
1 and (2) the larger contact angle of water droplet in CO, environment compared to that of water
droplet in CH4 atmosphere shown in Fig. 3, we conducted additional simulations to analyze the
interaction energy of CO,, CHy4, and H,O with kerogen. In these simulations 2462 of pure CO,,
CH,, or H,O molecules were placed in the simulation box of 89.67x103.66x100 A3 with a kerogen
surface present. The simulations were carried out for 3ns in the NVT ensemble. The total pair
interaction energy (i.e., that of 2462 molecules with kerogen including the Lennard-Jones (LJ) and
electrostatic (Coulomb) interactions) reported in Fig. 4A indicates that CO, interacts with kerogen
stronger, compared to H,O. The interaction of CO, with kerogen was decomposed into the LJ and
electrostatic interactions (Fig. 4B, red and blue lines), and the result suggests that the LJ interaction
is much larger than the electrostatic interaction. Further analysis of the LJ interaction of CO, with
kerogen indicates that LJ interaction from 2 oxygen atoms of CO, with kerogen (Fig. 4B, purple
line) plays an important role in the CO, interaction with kerogen surface. Similarly, for water
(Fig.4C), the LJ interaction with kerogen is stronger than the electrostatic interaction. Note that
the electrostatic interaction of water with kerogen is stronger compared to that of CO, with kerogen
(red lines in Fig. 4B and 4C), which is expected due to the strong dipole moment of water compared
to the zero external dipole moment of CO,.2% 33 However, the LJ interaction of CO, with kerogen
is sufficiently strong, compared to that of water leading to formation of stable CO, layers between
kerogen and H,O. In addition, the molecular model of kerogen presented in Fig. 2A indicates that
the over mature kerogen is composed of large segments of the aromatic hydrocarbons, which is
similar to the structure of graphene. On the perfect graphene surface the selectivity of CO, over

water is ~7.2.33

The comparison of the interaction energy of CO, and CH, with kerogen presented in Fig. 4A
explains the larger contact angle of water on kerogen surface in CO, atmosphere, compared to that
of water on kerogen surface in CH,4 atmosphere (as presented in Fig 3). Contact angle 6 of water

can be calculated using Young’s equation:

Vsig—Vsiw

CosO = Vo (1)
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Where y is the surface tension and s, g, and w are for solid, gas, and water, respectively. Our results

indicate that contact angle of water in CO, is greater than that of water in CH, environment:

COSHW/COZ < CosGW/CH4 (2)

Combining (1) and (2) we have

VS/CDZ _Vsiw VS/CH4 _Vsiw

<
YCOy/w YCHyw (3)

In our simulation, solid phase (i.e., kerogen) and water are the same in CO, and CH,4 environments,

therefore ysy, is constant. Because yco,,, < yCH,u 43¢ inequality (3) is true when s /co N
2
YSicn, To the best of our knowledge, there is no reported interfacial tension of kerogen with CO,
4

and CH, available in the literature. However, the comparison of the interaction energy of CO, and
CH, with kerogen reported in Fig. 4A indicates that CO, interacts more strongly with kerogen
compared to CHy. In addition, in our previous work!'® kerogen preferentially adsorbs CO, over

CH,. Therefore, we postulate that ys Jco K Ys Jen,
2 4
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Figure 4. Pair interaction energy of CO, (red), CH, (blue), and H,O (green) molecules with
kerogen (A). Eelectrostatic (red) and LJ (blue) interactions of CO, molecules with kerogen, and
the LJ interactions of the carbon (green) and oxygen (purple) atoms of CO, molecule with kerogen
(B). Electrostatic (red) and LJ (blue) interaction energy of water with kerogen (C).

Recent experimental and modeling studies have illustrated that with decreasing nanopore size, the

thermodynamic properties of water are altered. A decrease in the dielectric constant by 50% was

10
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reported for 1.2 nm pore.>” 38A decrease in density and surface tension was also reported for
confined water, compared to the bulk phase.>® These changes in water properties are due to the
distortion in hydrogen-bonding networks, with increasing hydrogen-bonding and increasing
fraction of 4-coordinated waters with decreasing pore size.**4! The pore diameter modeled in our
study was ~4 nm, which is at the scale where a nanoconfinement effect may become pronounced.
Given the earlier observations and our results, we hypothesize that with decreasing pore size and
decreasing water density, the effect of the atomistic lubricant will be increasing. We do not
anticipate any significant nanoconfinement effect for scCO,, in comparison to H,O, since CO,

molecules lack adipole moment.

The wettability of kerogen under the different conditions presented in Fig. 3 is critical for
understanding the fate of aqueous hydraulic fracturing fluids, CO,, and CH, in shale reservoirs
and in shale caprock during geological carbon storage.*” Traditional wisdom is that the shale
organic pore is hydrophobic.*> However, our results show that kerogen is partially water-wetting
(Fig. 3A, C, and D) due to its hydrophilic functional groups and surface roughness. This conclusion
is consistent with the fact that water has been experimentally found in organic nanopores,
especially with decreasing pore size.?” 2! In addition, the result shown in Fig. 3B indicates that
kerogen is CO,-wetting and that CO, can expel water from kerogen interfaces. These conclusions
together with our previous result show that CO, can displace large amount of CH, in kerogen
nanopores'? indicate that kerogen could provide an effective sink for CO, during geological
storage. We also want to postulate that the lubrication mechanism demonstrated above may have
an implication to the release of produced water in an unconventional oil/gas reservoir, an
interesting topic certainly worth further research. In addition, a large contact angle of water droplet
in scCO, environment was also observed on siloxane surface of kaolinite, and a CO, layer was
also found between kaolinite and water droplet.*? This can serve as an indirect piece of evidence

that CO, can sandwich not only between kerogen and water, but also between mineral and water.
Conclusions

In summary, using molecular dynamics simulations of water flow in a realistic kerogen
nanochannel, we have demonstrated that a stick to slip transition of a water flow in a nanochannel
can be induced by incorporating an accessory fluid component (e.g., scCO,), which has a limited

solubility in water and, through competitive adsorption, can spontaneously form an atomistically

11
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thin layer over a rough hydrophilic surface and therefore lubricate the water in the nanochannel.
Once verified experimentally, this result can provide a new engineering approach to obtain a
hydrophobic or super-hydrophobic interface from an existing hydrophilic one without significantly
alteration in surface topology. This could lead to the technological advancement for a variety of

applications including water desalination and energy conversion in nanofluidic devices.
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