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Abstract

Low salinity flooding has been proposed as a promising method for enhanced oil recovery, but
the underlying mechanism remains unclear especially for carbonate reservoirs. This work
investigates the effect of water salinity in altering the wettability of nano-slit poretrize

types of calcite surfaces (i.e., a neutral nonpfl@n4} surface, and the polar {0001} surface

with positivdy and negativig charged surfaces) using classical, equilibrium molecular dynamic
(EMD) simulations. In addition, non-equilibrium MD simulations (NEMD) reveal the influence

of wettability on the oil transport properties in a nano-pore at different salt concentrations of
sodium chloride (NaCl) (0.20 M, 0.50 M, and 1.00 M). Results show that increasing water
salinity has little effect on the wettabiligf a nano-pore comprised of neutral calcite surfaces.
For a calcite nano-slit pore comprised of charged surfaces, however, the dipole-ion interaction
alters the surface wettability creating a more hydrophilic surface due to the dwydstieict of

ions at elevated salt concentrations. Whifgartially decane-wet neutral nonpolar calcite surface



greatly inhibits the movement of an oil droplet in the pgreater oil mobilityis achieved for

dipolar nano-pores, especially at elevated salt concentrations.
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1. Introduction

Low-salinity water flooding has been of interest as a promising method for enhanced oll
recovery (EOR) [1]. A number of laboratory and field studies have shown that use of low-
salinity water injection could modify the substrate wettability and increase oil recoverinra
sandstone reservoirs [2, 3]. Understanding the wettability of mineral surfaces is crucialynot onl
for EOR from conventional and non-conventional oil fields, but also for the geological sealing of
oil and gas by cap rocks [4, 5]. Though there is general agreement that the EOR dtfect by
salinity water flooding is related to modification of substrate wettability creating more
hydrophilic surfaces, the underpinning mechanism leading to wettability change is still a matter
of debate [6-P

It has ben noted that the observed low-salinity EOR effects have been mainly for
sandstone reservoirs containing clay minerals, where organic materials initially adsorbed on the
clay may be desorbed due da increase in pH caused by the desorption of active ions in the
presence of low salinitjfl0-12]. In additiona number of mechanisms such as sweep-efficiency
improvement, interfacial tension (IFT) reduction, multi-component ionic exchange, and electrical
double layer (EDL) expansion [13, 14] have been proposed to explain the wettability alteration

However, the low-salinity effect in carbonate rocks, the largest share in reservoirs, has been less



explored and the results are very contradictory [15, lLthas been shown experimentally that

the effects of salinity on carbonates are quite different to those on sandstone cores [17-19]. The
rock minerology, especially the presence of anhydrite in carbonate rocks, coutdthadfémwy

salinity effect significantly [20-24]. The effect of multiple-component ionic exchange betwee
adsorbed oil components, cations in the salt water and mineral surfaces has been proposed [25,
26], and the effect of IFT reduction was found to be too small to explain the experimental results
[27-29].

It is believed that controversies relating to experimental observations of the low-salinity
effect are caused, mainly, by the complexities of oil components, the water environment and the
minerology of reservoir rocks. From the perspective of desigxmdrenens, many of the key
process parameters are closely interrelated maikingry challenging to change one while
keeping others unchanged, which in turn makes identification of the mechanism difficult. With
rapid advances in high-performance computers and continuous development of force field
potentials in the last few decades, molecular dynamics (MD) simulation has been widely used to
investigate the complicated interactions between minerals, water, and organic materials at the
atomic level. For instance, Wangadt [30-32] investigated oil droplet detachment from virtual
solid surfaces and demonstrated wettability alteration by charged hydrophobic nanoparticles
leading to higly efficient removal of oil droplets from solid surfaces. Underwood et al. [33-35]
carried out MD simulations of oil detachment from clay surfaces and discussed three
mechanisms related to low-salinity flooding, namely EDL expansion, multi-component ionic
exchange and pH effects. Zhang et al. [36] simulated the interactions between clajsraircbra
confined pore fluids and showed that the salt ions adsorption onto clay surfaces could promote

surface hydrophilicity. These studies have advanced our understanding of the low salinity effect



from an atomistic perspective for clay sandstones, whereas an understanding for carbonate rocks
remains very limited.

Under ambient conditions calciie the most stable polymorph of calcium carbonate
(CaCQ), and calcite minerals are a dominant component of rocks in oil reservoirs [37]. The
surface properties of calcite are not stationary as adsorption/desorption of ions occurs constantly
between the surface and the fluid inclusions [38]. For calcite, the4§1€urface is the most
stable surface in both vacuum and aqueous environment, and has little effective charge on the
surface, hence, this is the surface considered foMtbesimulations in this work. Meanwhile,
solid surfaces in a nonconventional petroleum reservoir include both kerogen and mineral
surfaces, which may be either polar or nonpolar. And in particular most mineral surfaces have
polar character [39]. Therefore gethalcite {0001} surface is chosen in this work to examine the
dipolar pore effect on the low-salinity EOR performance. The form {0001} of calcite has been
found its occurrence frequency near 17% in natural samples grown from solution through
statistical studies by Goldsmith and Sunaga®@, [which is a rather astonishing feature for a
kinked/twinning face. As a common twinning plane, the calcite {0001} surface can be
terminated in two ways, either by a layer of calcium atoms with positive charges, or carbonate
groups with negative charges.

The polarizability of calcite mineral surfaces could affect strongly the interactiahs at
oil/brine/rock interface, which may be one of the reasons for the contradictory results reported
for carbonate rocks [17-25]. Calcite {14} and {0001} surfaces are selected in this work as
representative mineral surfaoef nano-pore walls with neutral and charged characteristics. The
effects of surface charge in altering the wettability of calcite mineral suyfiacte presence of

different salt concentrations, are investigated using classical, equilibrium MD simulation (EMD)



methods. In addition, the impact of changes in wettability on the hydrodynamics of the water/n-
decane/salts fluids confined in calcite nano-pores during the flooding process are investigated

using the Non-Equilibrium MD simulation (NEMD) method.

2. Methodology

2.1 Model Construction

The initial configurations for the simulation models, as illustrated in Figure 1, were
generated using the Material Studio (MS) package [41]. Each simulation system was composed
of two parts namely, an immobile (solid) part consisting of nano-slit pore walls and a mobile

(fluid) part consisting o& salt/water/oil mixture.
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Fig. 1. Schematic illustration of initial configurations: (a) Perspective view of System “NS-0.50M’, (b)
Side view of System “NS-0.50M’, with zoom-in image of calcite {104} surface, (c) Perspective view of



System “CS0.50M’, (d) Side view of System “CS0.50M” with zoom-in image of calcite {0001} surface,
(e) The unit cell of calcite, CaG((f) Atomistic structure of water () and n-decane (g22)

The walls of the slit nano-pore weremposed of two parallel calcite surfaces, where the
length along the x-axis direction and the separation distance between the mineral surfgces alon
the z-axis direction were fixed at 21 nm and 9 nm, respectively. The rhombohedral structure of
calcite, which has space groupd and hexagonal unit cell parameters & = 4.988 A, =
17.061 A;a = p = 90°,y = 120° [42] was used to create an atomistic model of the calcite surfaces
Calcite {1014} and {0001} cleavage surfaces [43-45] were considered as representative of
neutral and charged slabs to form nano-slit walls. In the case of calcli4}{drfacesCa* and
COs? are located in the same layers, and this close packed and alternating arrangement of the
oppositely charged ions makes the calcite 40 surface overall non-polar and neutral.
Concerning th§0001} form of calcite, it contains alternating planes of Cand CG* groups
situated in separate layers, as a result that the calcite {0001} plane is terminated byaéfther C
rich (carrying positive charge) or GOrich (carrying negative charge), leading to a positively or
negatively charged surface, respectively. Here, each calcite slab contains six and seieen atom
layers (perpendicular to the x direction) for the calciteld)0and {0001} surface, whichs
sufficient to reproduce bulk-like properties at the centre of the slab and to obtain a careful
description of the surface [46-48

For the fluid in the pore region between the two mineral slabs, two rectangular aqueous
electrolyte blocks were built with a 7-nm separation distance along the x-axis direction, and the
intervening volume element was filled with oil molecules initially randomly orientated. As a
simulant for the hydrocarbon-bearing geofluids, neutral non-polar n-decahej)Qvas used as

the representative non-polar oil phase. Decane is a typical component of petroleum and has been



presented frequently in the literature as a kerosene surrogate or as the main component of diesel
surrogates. Aqueous sodium chloride (NaCl) solution was employed as the salt water phase to
simulate geological fluids (brines). The number of water and decane molecules was calculated
usinga water density of 0.998 g/chand oil density of 0.730 g/cinrespectively. All the ions
were initially randomly inserted into the aqgueous region to avoid biased adsorption. Water
salinities of 0.20 M, 0.50 M, and 1.00 M were applied to investigate the effect of salt
concentration on the wettability of each mineral surface.

In total, six separate initial configurations were set up for both EMD and NEMD
simulations with the variations of surface charge and water salinity, nah@,20M NS
0.50M, NS1.00M, CS-0.20M, CS-0.50M and CS-1.00M, respectively (wh&®’ and “CS’
stand for Neutral Surface and Charged Surface respectialgwed by a number as a
specification of the water salinity in Molarity urfitM”). All configuration snapshots were
rendered using the VESTA software [49]. It is notable that, for each simulation, the parallel
calcite slabs were fixed, and two gaps of 5 A were introduced to the top and bottom of the fluid

simulation cell to avoid any unphysical interactions amongst fluid spatiles mineral surfaces.

2.2 For ce Fields Employed in the Simulations

The Simple Point Charge / Extended (SPC/E) rigid water model [50] was used to
describe water molecular-interactions. The OPLS-AA (Optimized Potentials for Liquid
Simulations- All Atoms) force field [51] was utilized to describe the interactions among atoms
in the n-decane phase. This force fieddparameterized for organic systems and has been
demonstrated to reproduce physically accurate representations of hydrocarbons and similar

organic molecules, and is compatible with SPC/E water [52]. The ions were modelled as charged



Lennard-Jones patrticles, with potential parameters proposed by Koneshan et al. [53]. The model
developed by Raiteri et al. [f8vas employed to model calcite surfaces. This model has been
shown to be consistent with the other force fields applied [54]. Full details about the force field
parameters employed are listed in Table S1 and Table S2 (in the Supplementary Material). The

total energy is given by Equation 1, including both the intra- and intermolecular interactions:
Etotal = Ebond"‘ Eangle"‘ Edihedral+ Etorsion+ Evdw + Ecoulombic (1)

where Eota, Evond Eangle Edinedrai Etorsion Evaw and Eoulombic are the total energy, bond-stretching,
angle-bending, dihedral-energy, torsion energy, van der Waals and electrostatic components,
respectively. The Lennard-Jones potential parametg@nfloij) between different atom types,

were obtained using geomietcombining rules as shown in Equations 2 and 3 [55]:
0 = /0u0j; 2)
&ij = \J€igj; 3)
2.3 Equilibrium Molecular Dynamics Simulation (EM D)

All EMD calculations were performed using the DL_POLY simulation package [56]. The
equations of motion were solved by the leap-frog algorithm with a SHAKE subroutine with a
time step of 0.5 fs. The potential energy was evaluated with a 12.0 A cut-off for the short-range
van der Waals interaction, and the Ewald summation method for the Coulombic interactions
(Smoothed Particle Mesh Ewald in DL_POLY) was calculated with a precision of 1°x 10
Every simulation was initialized with an energy minimization run to reduce excessive forces for
the system. The minimization procedure was accomplished using the steepest descents algorithm.

Subsequently, all the simulations were run for a 50 ps equilibration period in a constant number



of particles, pressure and temperature (NPT) ensemble with a velocity-rescale Berendsen
thermostat. This equilibration period was followed by a 5 ns production run in the NVT
ensemble where the number of particles (N), the simulation box volume (V), and the temperature
(T) were kept constant. The periodic boundary conditions were applied to all three spatial
dimensions. All simulations were run to present ambient conditions, a pressure of 1 bar, and a
temperature of 300 K using velocity scaling method. In geological environment, the fluid
confined in nanopores is generally at conditions with relative high temperature and pressure. But
it was still necessary to run the simulations at ambient rather than reservoir temperatures due to
the limitation of the available calcite force field, which has been parameterized to model systems
under ambient conditions. There is still no suiggimtential available under reservoir conditions,

and considerable validation would be required against, for example, neutron scattering data to

ensure the force field holds for higher temperatures and pressures.

2.4 Non-Equilibrium Molecular Dynamics Simulation (NEM D)

All NEMD simulations were performed using the DL_POLY package [56] as well. The
hydrodynamic behaviour of various water/n-decane/salts fluids confined in a slit pore
constructed by calcite {4} and {0001} slabs \as investigated. The specific strategy was
started from the final equilibrium configurations calculated through EMD simulation, and then a
constant external forcex/®f 0.00 kcal/(mol-A) was applied to each atom of the pore fluid. This
large pressure gradient is necessary because the fluid flow through pores is slow, and it will take
an extremely long simulatioto achievea stable flooding state. A further 4 ns NVT ensemble
NEMD simulation was carried out for each system. The x-directional velocity of each water

molecule confined in the slot pore region during the final 1 ns was sampled every 0.5 ps in bins



of width 0.20 A in the z-direction and then averaged. The velocity of the n-decane molecular

cluster was averaged for the final 1.0 ns to represent the velocity of the decane cluster.

3. Results and Discussion

In this part, we discuss firstly in Section 3.1 the validity of the force fields and simulation
strategy by EMD in a reference cas¢S0.50M. The surface charge effect on the
water/oil/mineral equilibrium interactions are studied under the same water salinity of 0.50 M.
Then in Section 3.2, both the surface charge and the water salinity effects on the wettability
alteration of calcite surfaces are reported, and Section 3.3 presents the NEMD results by
applying an external force field to investigate the wettability effect on the oil transport properties

mimicking aflooding process.

3.1 EMD simulation of the surface char ge effects

The validation of our simulations is firstly demonstrated by a careful benchmarking of
the approach on a reference mob&0.50M, composed of neutral calcite {i4} surfaces as
nanoslit pore walls and n-decane/salt-water (0.50 M) fluids, as illustrated in Fig. 1(deb). T
calculated interaction energy, temperature and pressure profiles presented in Figwa@ b)
considered to be equilibrated after 5 ns of simulation time, which was confirmed by extending
the simulation time by a further 3 ns (a total of 8 ns) with no significant changes observed in the
relevant parameter values. This demonstrates that the simulation is sufficiently long for studying
a realistic interface between two bulk prade addition, the radial distribution functions (RDF)

of water and n-decane molecules were sampled as shown in Fig. 2(c, d).

10



The RDFs between water molecules shown in Fig. 2(c) show that g(r) equals zero at short
distances as expected, which indicates strong repulsive forces between two water molecules in
the short range. For the interactions between oxygen atoms the first peak occurs at 2.8 A with g(r)
reaching a value of 3, indicating that it is three times more likely to find two oxygen atoms in
different water molecules at this separation. A slight secondary maximum, consistent with a
second coordination sphere, is observed however at longer distances, g(r) between two water

molecules approaches a value of one as expected, indicating there is no long-range order.

The interaction between two n-decane molecules can be seen from the RDF profile in Fig.
2(d). The RDF profile for n-decane molecules shown in Figure 2(d) has the similar shape as the
distribution resulby Ryckaert et al. [58], which has been abundantly adopted to be compared by
previous researchers for identifying their n-alkane simulation results [59-63]. As far as the
intermolecular correlations are concerned, it is clear that the oscillations around g(r) = 1 are close
to the cut-off radius. Trans (T) and Gauch@) conformation positions of carbon atom
neighbours in a molecule can also be observed, followed with successive GT and TT
conformations as marked in Fig. 2(d). To characterize the conformations of the n-decane
molecules in the n-decane/vapour interface system, the probability density function (PDF)
distribution for the n-decane molecules as a function of the internal dihedral@daglec is
also shown in Fig. 2(d), where the peaks observed@t.c.c = 0° and®c.c.cc = +120°
correspond respectively to trans (T) and gau&ieand G) conformations. The magnitudes of
the G and G peaks are very close, correspondinghe symmetry of the dihedral potential
energy. The RDF profiles of both n-decane and water components are in good agreement with
previous MD simulations and experimental results with no shifts for the two main peaks][57, 58

To further validate our system setup and the applied force field, Mbresimulations for

11



water/n-decane/vacuum equilibrium interactions have already been conducted and compared our
calculated physical properties, i.e. interfacial tensions, contact angles, etc., with available

experimental and simulation results [64].
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To investigate the surface charge effect on the water/oil/mineral equilibrium interactions,
the final-configuration snapshots of the salt-water/n-decane/calcite systems with neutral and
charged pore wall surfaces (systeN&0.50M andCS0.50M after 5 ns EMD simulation period
are presenteth Fig. 3, along with the corresponding number density profiles of each species in
the z-axis direction. The results show that n-decane phases for both systems are aggregated and
formed as droplet-like clusters, surroeddoy the salt water phas#la® and Cl ions in both
systems are found to always remain in the water phase, without any diffusion into the oil phase.
The water and n-decane phases are immiscible, forming a curved interface due to tlw@alnterfa

tension effect. However, different n-decane wettability on the mineral pore walls can be found

15



from the different adsorbing state of n-decane clusters caused by the pore surface charge. For the
systemNS-0.50M with the neutral pore surfaces, the solid slabs exhibit partial decane-wettability,
with parts of the n-decane molecules directly adsorbing onto the surface, as shown in Fig. 3(a);
In contract, for systen€S0.50M with the charged pore surface, both positive-charged and
negative-charged slabs ({0001} €aand {0001} CQ? surfaces) manifest greater hydrophilic
characteristics.

The atomic number density distributions along the z-axis direction for both systems in
Fig. 3 are obtained by averaging the trajectories of each atomic species alonglhms lakthe
equilibrium simulations. The water and n-decane phase z-density profiles close to the pore wall
region, as enlarged in Fig. 3(c), show that the confining of the surface causes both water and n-
decane molecules to adopt particular configurations near the calcite surfaces, forming structured
adsorption layers. Such an observation is consistent with the experimental results of Geissbuhler
et al [65] via the surface X-ray scattering method, and the MD simulation results of Kerisit et al
[66]. For systenNS-0.50M, the appearance of the first n-decane peak in Fig. 3(c) shows that the
neutral calcite surface is partially oil-wet. This is consistent with the direct visualization from the
configuration snapshots after equilibration. For syste®0.50M with charged surfaces, the
reduced peak of the n-decane phase near the surface in the z-density profile indichtah that
the upper and lower mineral surfaces ({0001} Ca and {0001}k G@faces) become more
hydrophilic.

The distinctive difference in the distribution of ions between the cases of charged and
non-charged surfaces can be visualized in Fig. 4(a). Instead of randomly distributing in the water
phase as for the neutral system NS-0.50M, &l Cl ions in systen€S0.50M are adsorbed by

the {0001} CQ?* and {0001} C&' surfaces respectively, which is driven by the strong

16



electrostatic interactions between ions and the charged surfaces: (1) At each lay¢t@f4he

surface, C& and CQ? ions are arranged alternately, which consequently makes the direct
coordination of the sodium or chloride ions to the neutral calcite surface unfavourable. (2) The
{0001} surface contains alternating planes off'Cand CQ? ions, which produces a dipole
moment perpendicular to the surface. Polar surfaces are unstable by themselves and need either
reconstruction to neutralize the dipole moment or to adsorb ions to remove the dipole moment.
The distribution of cations and anions is therefore influenced by both {00033 @@nination

and {0001} C&" termination, respectively. After reaching equilibrium; @ns make direct

contact with the G4 atoms on the {0001} Cé termination, which is consistent with MD results

by Vasconcelos et al67]. Such distinct differences of the adsorption behaviour are originated

from different electrostatic interactions between the ions and surfaces.
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Fig. 4. lllustrations of (a) the ion distribution visualizationNi$-0.50M andCS0.50M systems, and the
RDF profiles of syste®S0.50M for (b) ions/water, (c) water/calcite, and n-decane/calcite interactions

As reviewed earlier, several mechanisms have been proposed to explain the low-salinity
effect for enhanced oil recovery, including electric double layer (EDL) expansion, multi-
component ionic exchange and pH level reaction. The ion distributions following equilibration
observed in this work suggests that EDL theory could explain the salinity effect for charged
surfaces, wher&la” and Cl ions exhibit an EDL distribution effect due to the opposite surface
charge. The ions are predominantly fully coordinated by water molecules, which can be observed
from the radial distribution functions (RDF or (profiles shown in Fig. 4(b). Both Nand CI
have great hydration capacity and can induce water molecules close to the calcite surfaces, as
reflected by the dominant peak appearing in Fig. 4(b). For instance, the sharp peaks indicate the
highly ordered water structure around*Nans, and the first valleys of thda’- On RDF are
deep and wide indicating that the first and second solvation shells are clearly separated. The first
maximum of the RDF is at 2.43 A for Naconsistent with previous work [68]. Such a strong
peak suggests that dense water clusters are formed arotinelHian can diffuse with Nain the
solution. The RDF profile of salt water/decane/calcite interactions for both systems, Fig. 4(c)
clearly shows that the surface charge has significant effects on both water/calcite interactions and
decane/calcite interactions. The sharp peak in calcite/water RDF profile at 2.6 A suggests that
water is adsorbed on both neutral and charged surfaces, consistent with the MD results of Cooke
et al. [69]. Both the reduced maximum-value in the dominant peak of the calcite/water RDF
profile and increased maximum-value in the dominant peak of the calcite/n-decane RDF profile
for CS0.50M system in Fig. 4(c) suggest weaker n-decane molecule adsorptions on the charged

surface. It can be concluded that charged pore surfaces combining with thefestdtity can
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lead to improved water-wet performance due to electrostatic interactions between the ions and

surfaces, and the ion hydration effects.

3.2 EMD simulation of the surface charge and salinity effects

To reveal the effect of salinity and surface charge on the surface wettability, three salt
water concentrations of 0.20 M, 0.50 M and 1.00 M were simulated along with two types of pore
walls (i.e., neutral inner surface, and charged inner surfab&@h simulations are named HS-
0.20M,NS-0.50M,NS-1.00M,CS0.20M,CS0.50M, andCS1.00M, respectively.

The final equilibrium configuration snapshots after 5 ns simulations are presented in Fig.
5, along with the z-density profiles for each species. Dominant peaks of the water phase, from z-
density profiles, close to the solid-pore surfaces appear in all cases, which indicate the presence
of structured layers of water due to water adsorption onto the pore walls. Away from the near
pore-wall region, uniform bulk properties are observed for both water and n-decane phases. The
salinity appears to have less effect on the water/n-decane wettability for the neutralspore,
shown in Fig. 5(a-c). Fig. 5(d-f) shows that the wettability alteration due to the chaigid c
{0001} surface, in contrast, is highly dependent on the salinity of the confined fluid. At a salinity
of 0.20 M with charged pore surfaces (syst€é®0.20M), the {0001} surface exhibits partial
decane-wettability, with decane molecules directly interacting with the surface. Hpoags\the
water salinity increase, the contact area between n-decane and the calcite surfasesdédraa
salinity of 0.50 M (systenCS0.50M), both calcite {0001} Ca and {0001} CQ?* surfaces
manifest greater hydrophilic characteristics. Watfurther increase of water salinity in ti@S

1.00M system, the calcite surface becomes completely water-wet.
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(g) n-decane phase in NS-0.20/0.50/1.00M

60 - -
] neutral inner surface
40 - .
20+ .
~~ 4 4
L o0 y
~ 1 —().20 M
-20 1 —(.50 M
1 .00 M
40 4
-60 ﬁ neutral inner surface
T T

0.00 | 0.01 | O.IO2 | 0|03 | 0.04 | 0.05
z-density
(h) n-decane phase in CS-0.20/0.50/1.00M

60+ __ negative-charged inner surface
40+ -
20+ .
~
< 0 |
~ 1 4
20 —0.20 M -
(050 M |
40- —1.00M |
+ + + + + + + + + + + + +
-60 4 positive-charged inner surface
0.00 0.01 0.02 0.03 0.04 0.05
z-density

Fig. 5. Combination effects of the pore surface charge and water salinity on the oil adsorption in a nano
pore: (a-f) number density profile along z-axis direction, and correspoxaigne side view snapshot

of final equilibrium configuration for each system, (g) n-decane phase number density along z-axis
direction with variations of water salinity in a neutral pore, (h) n-decane phase numbigraleng z-

axis direction with variations of water salinity in a charged pore

Comparisons of salinity effect on the n-decane phase distribution along the z-axis

direction are presented in Fig. 5(g, h). Fig. 5(g) shows that the water salinity hadféttteon

the n-decane molecular distribution for neutral surfaces. However, for nano-pores with charged

inner surfaces, the maximum value of the dominant peak of the n-decane phase close to the
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fluid/wall interfaces decreases when the salinity is increased from 0.20 M to 0.50awWatér

salinity of 1.00 M, no adsorption of n-decane molecules on the charged porie wladlerved

with the total disappearance of the peaks close to the near-wall regions, as shown in.Fig. 5(h
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Fig. 6. Radial distribution function profiles for YNS-0.20M/0.50M/1.00M systems and) @S
0.20M/0.50M/1.00M systems

RDF profiles from Fig. 6(a, b), demonstrate the water/calcite and n-decane/calcite
interactions for systems with neutral pore surfaces. With an increase in water salinity from 0.00
M to 1.00 M, little effect can be observed on either the water/calcite or decane/calcite
interactions. In contrast, RDFs for charged pore surfaces, as shown in Fig. 6(c, d), show that the
hydrophilicity of charged calcite surfaces can be enhanced by increasing the salt comcentra
For n-decane/calcite interactions, as shown in Fig. 6(d), the maximum values of the first peaks,
at around 3.2 A, graduallyecrease with the decreasesalinity. At 1.00 M, the peak vanishes

indicating a completg water-wet condition.
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RDF profiles for sodium and chloride ions interagtiwith water molecules foCS
0.20M/0.50M/1.00M systems are illustrated in Fig. 6(e, f). It is observeahatreasen water
salinity has less impact on the hydration effect of ions in the aqueous solution. However, for the
systems with charged pores, the incegaswater salinity leads tanincreag in counter-ions,
which results iran enhancement of surface hydrophilicity. Previous MD simulations of charged
clay-layers also indicated the influence of counter-ions on the wettability of charged s[88ces
36, 40], consistent with our simulation results, revealing that the hydrophobicity of charged
calcite surface decreases with an increaseater salinity. Taking experimental work [40,] @
an example, incorporation of ‘Linto the carbonate layer could result in preferential stabilization
of the {0001} calcite surfaces by the neutralization of the surface dipole without the requirement
for surface reconstruction. Thus, the growth is relatively fast with the consequence that the
{0001} face is not observed under normal, synthetic conditions through experimental approaches
The relatively high Li concentrations required in the above experiments suggests a specific
electrostatic shielding of the {0001} face due t6 lons located in surface sites.

It can be concluded that with the increase of water saliitisong electrostatic
interactions between ions and charged surface can be found, which can cause strong ion
adsorption at a distance away from the inner sphere complexes to cause the EDL expansion
effect. The strong hydration effects of the adsorbed ions on the charged surface can promote

surface wettability towards increased hydrophilicity which is beneficial for oil detachment.

3.3 NEMD simulation of the wettability effect on the oil transport

Using NEMD simulation methods, the effect of surface wettability on the hydrodynamics
of pore fluids during the flooding process is reported in this section for EOR applications. All

NEMD calculations were conducted by resuming simulations from the final configuration
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computed from the previous 5 ns EMD simulations whilst applying a constant external force F

of 0.001 kcal/(mol-A) to the pore fluid.
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Fig. 7. The configuration snapshots during the NEMD simulations for (a) NS-0.50M system and (b) CS-
0.50M system, associating with the average z-density profiles of each phases, and the average n-decane
velocity profile along z-aixs directions for (¢) NS-0.50M system and (d) CS-0.50M system

As illustrated in Fig. 7(a), the NEMD simulation for syst®&l&0.50M starts from the
equilibrium wettability state after 5 ns, where the neutral calcite sur$acdeitially, partially
hydrophobic through oil adsorption. By introducing an external foxcehE fluids confined in

the nano slit pore are displaced as the flooding proceeds. The multiphase fluid-distribution
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configuration snapshots after another 4 ns show that all n-decane molecules move as a cluster
under the external force. Due to the partial oil-wettability, the velocity of the oil interface near to
the calcite slab boundary is much slower than that of the middle bulk-phase, as shown in Fig.
7(c), which leads to the formation of a meniscus interface during the flooding process. The oil
adsorption effects can also be observed from the dominant peak of the decane z-density profile,
shown in Fig. 7(c). This phenomenon indicates that oil adsorption can restrict the mobility of the
oil interface close to the calcite slabs with lower velocities in the pore boundary region, which is
disadvantageous for EOR applications.

Compared with the neutral system, the initial equilibrium configuration fo€ 8@.50M
system exhibits more water-wet characteristic, as shown in Fig. 7(b), due to the effects of ions
and surface charge on the wettability. When fluid is displaced under this water-wet condition, the
movement of decane molecules is quite distinct from that in system NS-0.50M. The velocity of
the n-decane cluster close to the pore surface is much greater, as presented(a). Fidpis
phenomenon can be attributed to the effects of wettability alteration, which convert the slab
inner-boundary into a hydrophilic surface as shown by the dominant peak of water z-density
profile near the slabs in Fig. 7(d). The n-decane cluster is hence expelled frompbeesialls
by a shielding layer of water molecules. Overall, n-decane molecules tend to migrate faster than
with the non-charged surface, showing the significant influence of the hydrophilicity of the wall.

As shown in Fig. 8(b), witha further increasdan the salt concentration to 1.00 M,
compared with systen€S0.50M, the hydrophilicity of pore walls in syste@S1.00M is
enhanced due to stronger ion hydration effects. n-Decane molecules tend to aggregate together
and are completely detached from the charged surface, transporting collectively as a cluster

under the external force. Both the water/decane z-density profiles and velocity profile of the
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decane cluster are appatgnunsymmetrical in Fig. 8(d), corresponding to the different
hydration intensities of sodium and chloride ions, as shown in Fig. 4(b).
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Fig. 8. The configuration snapshots during the NEMD simulations for (a) NS-1.00M system and (b) CS-
1.00M system, associating with the average z-density profiles of each phases, and the average n-decane
velocity profile along z-aixs directions for (¢) NS-1.00M system and (d) CS-1.00M system

The centreaf-mass (COM) trajectories of the n-decane molecule-cluster irzthkne,
under different surface charge and water salinity conditions, are plotted in Fig. 9(a) to investigate
the oil motion during the flooding process. The corresponding average velocity of n-decane
along the x-axis direction is presented in Fig. 9(b). The analysis shows that better displacement

performance can be obtained under conditions of greater water salinity in charged calcite nano-
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pores, which is beneficial for enhanced oil recovery. Clearly the presence of hydrepfidmes

in pore walls can greatly influence the hydrodynamics of the pore fluid.
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Fig. 9. n-Decane phase transport properties in a calcite nanopore: (a) Planar COM trajectories of the n-decane
cluster, and (b) average velocity along the x-axis direction for all systems

4. Conclusions

The simulations presented address the effects of pore surface charge and waterosalinity
water/oil/minerals interacti@EMD), and oil displacement in a calcite nano-pore (NEMiIe

results have been analysed in the context of addressing the mechanism underpinning the
alteration of surface wettabilitin carbonate rock reservoirs. The simulation results can be
summarized as followed:

(1) At a water salinity of 0.50 M, the nonpolar calcite nano-pore exhibits partially oil wet
characteristics after equilibration with oil attaching and adsorbing onto the neutral surface. The
charged calcite slit-pore causadistribution of anion and cation through adsorption, in response

to the electrostatic field, which alest the surface wettability to produce hydrophilic surfaces
due to the hydration effect around the ions.

(2) An increae in water salinity did not affect significantly the oil wettability of the neutral

calcite surface, and a random distribution of ia@s maintained in the water phase. However,
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for certain nano-slit pores with the natural occurrence of dipole layers, greater aleti¢y s
enhanced the mineral surface hydrdigity by altering the surface from partially water wet to
completely water wet due to the dipelaon interactions. Ala water salinity of 1.00 M, all n-
decane molecules were completely detached from the charged mineral surface bhywateisa
shield layers.

(3) The non-equilibrium MD simulation results for the flooding process show that n-decane
molecules tened to aggregate and transport as a cluster under the external flooding force.
However, partial decane-wettability of calcite surfaces inhibited significantly the oil movement
in the pore region. The combination of the effects of ion hydration and the electrostatic effect of
ion adsorption on the dipolar nano-pore surfdeddo a clear enhancemantoil transport, and

hence indicated the potential for increased oil recovery.
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