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The underlying wettability alteration mechanism responsible for enhanced oil recovery (EOR) in
carbonate reservoir is a long-standing issue for which no consensus has been reached yet. In this
paper, we report extensive quantum molecular dynamics simulations to reveal the roles of
wettability modifiers Na“, CI, Ca*", Mg2+, and SO4* ions in EOR. Characterizing wettability by
contact angle using the work-of-adhesion approach, we find that the calcite surface is strongly
hydrophilic, with the first two wetting layers hindering all ions from reaching the surface, i.e.
ions are only “proximally adsorbed”. Na" and CI ions settle closer to the surface and actually
disturb the interfacial water structure of the first two wetting layers, which renders the surface
less water-wet and thus inhibits oil recovery, as observed. Ca%, Mg2+ and SO~ ions, on the
other hand, settle farther from the surface and retain the interfacial water structure, but render the
surface more water-wet by modifying the effective charge on the surface, which enhances oil
recovery, as observed. The impact of the ions is more pronounced at high temperatures as
proximal adsorption is enhanced. In addition to theory, we report new core flooding
measurements that corroborate the theoretical results. The present study brings new insights into
the wettability alteration mechanism in EOR at the atomic scale.
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I. INTRODUCTION

Surface wettability impacts a variety of issues that pertain to applications[1-4]. One of the major
challenges in the oil industry is the enhancement of oil recovery (EOR) by water flooding in
carbonate reservoirs[5-17]. Injection of smart water (water with optimized composition and
salinity) is an efficient way of achieving EOR and wettability alteration has been proposed to be
the driving mechanism[6]. Despite its importance, there exists no consensus on the specific
wettability alteration mechanism that causes EOR[8]. A satisfactory understanding of wettability
alteration has been lacking, due to the complicated interplay between ions such as Ca’", Mg,
SO42', Na' and CI  in saline water and the calcite (CaCO;) surface.

Many experimental studies have been performed in an attempt to unveil the underlying
mechanism behind wettability alteration. It was found by zeta-potential measurements that Ca*",
Mg*" and SO,” are strong potential-determining ions (ions that are strongly related to the surface
charge/potential), while SO,4*” must act together with either Ca*" or Mg”" in order to improve the
oil recovery[9-13]. Raising the temperature has been found to be of great benefit for EOR[12,14],
while at high temperatures Mg>" can even substitute Ca®" from the chalk surface[12]. More
recently, the injection of low-salinity brine in carbonate reservoirs was reported to enhance oil
recovery[14-16,18-20]. It was further demonstrated that the low-salinity effect results from
wettability alteration rather than mineral dissolution[19,21], but the specific mechanism
responsible for the wettability alteration remains largely unknown.

On the theoretical side, atomic-scale simulations of wettability has usually been based on
classical molecular dynamics (MD) using model potentials, focusing mainly on the competitive
adsorption of organic molecules in water[22-27]. It has been challenging to investigate
wettability alteration mechanism by classical MD, possibly due to fundamental difficulties in the
construction of complicated model potential, particularly when many parameters are involved so
as to properly describe the interactions between water, the calcite surface and the solvated ions.
For example, contradictory results have been obtained on the preferential adsorption positions of
Na" and CI ions[28-31] using classical MD simulations.

Density functional theory (DFT) is the method of choice for parameter-free, quantum-
mechanical characterization of the complex interplay at the calcite/brine/oil interfaces. Previous
DFT calculations[32-37] studied the ion substitution mechanism[12], using the microscopic
binding energies of water molecules and model organic compounds on calcite surfaces as the
wettability indicator, treating the water at various levels of approximation. The true indicator of
wettability alteration, however, is the macroscopic contact angle, which captures the adhesion
properties of the liquid to the solid surface. This point is especially important when one is
considering the effect of additive ions in the liquid. More recently, first-principles quantum MD
simulations of such a solid-liquid interface were performed to study the intrinsic water
wettability of the calcite surface[38], without considering the effect of brine composition and
salinity.



In this paper, we report extensive quantum MD simulations to elucidate the underlying
mechanism responsible for wettability alteration of the calcite surface by the injection of ions in
the water. We use quantum MD simulations to extract the work of adhesion of pure water and
water containing select ions, which allows us to calculate the corresponding contact angles. We
find that the calcite surface is strongly hydrophilic. The first two wetting layers hinder all ions
from reaching the surface, i.e. ions are only proximally adsorbed. The proximal adsorption of
Na', CI" and Ca*", Mg*", SO4> ions affects the wettability in different ways: the former settle
closer to the surface and actually disturb the interfacial water structure of the first two wetting
layers, reducing the contact angle and thus rendering the calcite surface less water-wet, which
inhibits oil recovery, while the latter settle farther from the surface and retain the interfacial
water structure, but increase the contact angle and thus render the surface more water-wet by
modifying the effective charge on the calcite surface, which enhances oil recovery. The role of
these ions as wettability modifiers is more pronounced at high temperatures, as the proximal
adsorption is enhanced. All results from our quantum MD simulations are in line with
experimental observations. We also report new core-flooding measurements for smart water that
further corroborate the theoretical results. We find that injection of diluted seawater with the
addition of sulfates significantly enhances oil recovery, in line with the theoretical findings. We
also find that further removal of calcium ions has negligible impact. The present study provides
physical insights into the role of wettability modifiers (Na*, CI" and Ca®", Mg*", SO4* ions),
unraveling at the atomic scale the wettability alteration mechanism responsible for EOR.

II. THEORY AND METHODS

A. Theory. The wettability of a surface is characterized by the contact angle, a macroscopic
quantity that is easily accessible in experiments, as opposed to the relative microscopic
adsorption energies of molecules. Indeed, the significance of the binding energy as the
wettability indicator has been questioned by results of classical MD simulations that predict
similar binding energies but yield different contact angles[39]. In the present study, we use the
contact angle as a reliable indicator for wettability alteration. One can extract the contact angle
from the sessile droplet configuration of the calcite/brine/oil system. This method is particularly
reliable using classical MD when one can use fairly large droplets. Here we use the work-of-
adhesion approach[39-43], which we used successfully to investigate the water wettability of
graphene[44] and hexagonal boron nitride[45] monolayers at the electronic structure level. We
first give a brief description of the approach.

Starting with the Young-Dupré equation[46], the interfacial tensions y of three two-phase
interfaces (S-solid; L-liquid; O-oil; V-vapor) are related by
¥sL — ¥so = YoL€0s 0, (1)

where 0 is the oil-in-brine contact angle (see the schematic diagram in Fig. 1a). Noting that y in
the Young-Dupré equation is the free energy per unit area when an interface is created[47], the
work of adhesion W4y, is related to the surface tensions y by



W2k = Ysv + Yiv — ¥sL- (2)

In pioneering studies with the work-of-adhesion approach, one first computes the work of
adhesion of a water slab on a surface and then employs the Young-Dupré equation that relates
the work of adhesion to the water contact angle (WCA) Oyca[39-43]:

Wit = Yiv(1 + cos Byca), (3)

where ypy is the surface tension of water (72.0 mJ/m”)[48]. In terms of the work of adhesion, the
wettability of the calcite/brine/oil system is determined by the competition in W4, between the
two interfaces (SL and SO)

Wit — Wik = YoL cos 0 — yrv + Yov- 4)

In such competition, the water-wet conditions (W1, > W23 are signified by larger 6, whereas

the oil-wet conditions (Wasdci1 > WanLh) are signified by smaller 8, as manifested in Eq. (4) where
YLv»> Yov, and yq, are nearly constants.

It has been believed that the carbonate reservoir is initially oil-wet due to the adsorption of polar
carboxylic end groups that are present in crude oil[12]. MD simulations confirmed that alcohols
with molecular mass greater than that of methanol could displace water at the calcite
surface[49,50]. Also, recent experiments showed that organic acids adsorb directly onto the
calcite surface[51]. In the oil-wet initial state, since oil contacts the calcite surface, ions solvated
in brine do not necessarily contact the oil phase (see the schematic diagram in Fig. 1a). It is then
clear that ions as wettability modifiers modify only the water wetness (WanLh) but not the oil
wetness (WS0) of the calcite surface. Varying brine composition and salinity then results in
wettability alteration, the magnitude of which is characterized by

—AWSL = yoLAcos . (5)

It is also clear from Equations (4) and (5) that, the oil-wetness of the calcite surface affects
wettability alteration only through setting an initial wetting state 8y. In many cases, 6, varies
with the experimental conditions such as the model oil used representing crude oil. To quantify
A@ without loss of generality, following Ref. [32], we assume the initial state to be mixed-wet
(69~90°).

Exact evaluation of Wop with quantum MD simulations is currently impractical due to the

excessive computational cost in calculating the entropy, while relatively good values can be

obtained for the internal energy. Nevertheless, it has been demonstrated by classical MD

simulations that the entropic contribution to anLh is roughly a third of the enthalpic contribution

(energy of adhesion, ES% )[40,52]. We, therefore, approximate Wik with Esy , where ESY is

obtained via quantum MD simulations. This choice has been demonstrated to suffice for the
water wettability of graphene[44] and hexagonal boron nitride[45] monolayers at the electronic
structure level. It represents a trade-off with sufficient accuracy to characterize wettability at the



atomic scale and allows for the interplay at the interfaces of calcite/brine/oil to be treated
explicitly by quantum mechanics.

B. Computational details. Electronic structure calculations are performed in the basis of linear
combinations of localized atomic orbitals, as implemented in the SIESTA package[53]. A
variationally optimized double- polarized (DZP) basis set is used with a mesh cutoff of 250 Ry
for the real-space grid. After structural relaxations through total-energy and force calculations,
DFT-based QMD simulations are performed. In order to correctly describe the density and
diffusivity of liquid water at room temperature (with the PBE functional)[54-56], an elevated
temperature of 360 K is maintained by the Nosé-Hoover thermostat. For each MD simulation, a
trajectory of 2 ps is used for production after an equilibration stage of 3 ps, with a time step of
0.5 fs. The effect of temperature is investigated in a less rigorous manner. The initial positions
and velocities of the simulation at 420 K are generated from the final snapshot of the simulation
at 360 K, with only 1 ps used for production after an equilibration stage of 1 ps. To evaluate the
interfacial energy, in the production stage, snapshots are taken every 20 fs. Ghost orbitals[57] are
introduced to correct for the basis set superposition error wherever necessary.

The calcite (1014) surface is represented by four layers of CaCOs units with 16.67x15.40 A2
surface area (in total of 240 atoms). The bottom two layers are held fixed at their equilibrium
positions, while the top two layers are allowed to equilibrate. The formation water contains a
relatively high concentration of Na" (~ 1.7 M), CI" (~ 3.3 M), and Ca’ (~ 0.3 M), compared to
seawater (~ 0.6 M for Na', ~ 1.1 M for CI', and ~ 0.02 M for Ca®")[8]. In each case studied, brine
is modeled by 168 water molecules (pre-equilibrated in a cubic box), with one pair of ions (Ca®",
Mg*", Na") and counter-ions (SO4>, Cl)) added accordingly which corresponds roughly to 0.3 M
concentration, except for NaCl brine where two pairs of ions are added to mimic seawater. We
adopt the Mulliken population analysis[58] to reveal the correlation between wettability and the
surface charge, the latter of which is obtained from Y ¢, rface(Qatom — QMulliken)-

The weak dependence of the surface tension of water yyy on brine composition and salinity[59]
has been neglected. Throughout the present study, the experimentally measured interfacial
tension of alkane/water (51.7 mJ/m?)[60] is adopted to represent ygp,. For the composition and
salinity covered in this study, the variation in the interfacial tension of brine/hydrocarbon
system[61,62] is less than 2 mJ/m”’.

C. Experimental procedures

Carbonate outcrop cores used in the experiments were obtained from Kocurek Industries, USA.
The petrophysical properties of the cores are summarized in Table 1. Core #1 was used for core
flooding experiment whereas core #2 and #3 were used for spontaneous imbibition experiments.
Synthetic brines were prepared by adding desired salts in de-ionized water. The prepared brines
were filtered through 0.45 um filter papers to remove any suspended particles. The compositions
of the synthetic brines are presented in Table 2. All the cores were vacuumed initially for 4 hours
before being imbibed by formation brine at a pressure of 2500 psi for 60 hours. Core #1 was



saturated with NaCl brine having the same ionic strength as that of ADNOC’s formation brine,
whereas cores 2 and 3 were saturated with ADNOC formation brine. Crude oil was injected into
core #1 to displace the formation brine. The crude oil was injected until no more formation brine
was produced and the core flooding system achieved a steady state in terms of delta pressure.
Core #2 and #3 were put in special centrifuge tubes and soaked in crude oil for formation water
displacement using a high-speed ultra-centrifuge at speeds from 1000 rpm to 12000 rpm for 150
hours. The centrifuge speed was increased every 30 hours. The cores were aged for 2 weeks in
the same crude oil to allow wettability alteration and thereby obtain strongly oil-wet surfaces.
Core #1 was aged at 120°C whereas core #2 and #3 were aged at 90°C. The dead ADNOC crude
oil used in the experiments had a density of 0.836 g/cm’ and viscosity of 5.34 cP at a temperature
of 20 °C. The oil was filtered through 0.45 pum filter paper to remove impurities.

After oil ageing, core #1 was loaded into the core flooding system again and injected with crude
oil to calculate the final saturation. The recovery studies were then started by injecting formation
brine at a flow rate of 0.2 cc/min, the flow rate was then changed to 1 cc/min for nearly 2 pore
volumes of injection, after this the injection flow rate was reduced to 0.01 cc/min for a shut-in
period. Since wettability alteration is a very slow process and sufficient time should be given for
the interaction between crude oil brine and rock, we introduce the shut-in period during the
injection of each brine. The system remained in shut-in period for 10 pore volumes during
formation brine injection. After the first shut-in period, the flow rate was increased to 1 cc/min
for 1 pore volume of injection before switching to 4dSW. The same injection strategy was
followed for 4dSW and 4dSW3S. The core flooding experiments were performed at a
temperature of 120°C, confining pressure of 500 psi and a back pressure of 150 psi. Core #2 and
#3 were placed in dry Amott imbibition cells after oil ageing. The cells containing core #2 and
#3 were filled with 4dSW3S and 4dSW3S0Ca respectively. The imbibition cells were placed in
an oven kept at a temperature of 70 °C. The oil recovery was noted on a daily basis through the
graduated part of the Amott cells. The ionic strength of all the smart brines used in the
experiments were kept constant to 0.164M and were pre-equilibrated with crushed core powder
prior to the use.

Table 1 Petrophysical properties of the cores.

Core # | Length (cm) | Diameter (cm) Porosity (%) Permeability (mD) | Pore volume (cm’)
1 7.0 3.8 16.2 35 12.9
2 3.4 3.8 15.4 32 5.8
3 33 3.8 16.5 42 6.2

Table 2 Compositions (in unit of M) of synthetic brines.

Tons FW 4dSW 4dSW3S | 4dSW3S0Ca | NaCl
Na' 3.120 0.115 0.103 0.112 5.0
Ca”’ 0.526 0.003 0.003 0 0
Mg™ 0.126 0.011 0.011 0.011 0




Cr 4.424 0.131 0.095 0.098 5.0
HCO5 0 0.001 0.001 0.001 0
S04~ 0 0.006 0.018 0.018 0
Ionic strength 5.0 0.164 0.164 0.164 5.0
III. RESULTS

Extensive quantum MD simulations have been performed to investigate the intrinsic water

wettability of the calcite surface and the roles of wettability modifiers Na", CI, Ca*", Mg2+, an
" ions in wettability alteration. The simulation supercell is schematically shown in Fig. 1b.
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The main results are summarized in Fig. 1c. We will discuss these results and related issues in

detail below.
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Figure 1. (a) Schematic diagrams of the calcite/brine/oil system. (b) Simulation supercell (color scheme: Ca-
indigo, C-brown, O-red, H-white). Ions in brine are only shown schematically. (c¢) Left y-axis: oil-in-water
contact angle assuming an initial mixed-wet state; Right y-axis: difference (relative to calcite-water) in the
effective charge of the surface (estimated from Mulliken population analysis, in units of electron per surface

CaCOj; unit).
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A. Intrinsic water wettability of the calcite surface

We start our discussion by investigating the intrinsic water wettability of the calcite surface. The
density profile of water molecules near the surface is considered to have direct relevance on the



wettability, i.e. water molecules are closer to a more hydrophilic surface as a result of stronger
adsorption. As shown in Fig. 2a, two peaks are found for the first and second water layers at 2.4
and 3.2 A respectively, in agreement with previous theoretical and experimental results[63,64].
Graphene is considered to be weakly hydrophilic with a WCA slightly lower than 90°. Compared
to the first two wetting layers at around 3.1 and 5.6 A for graphene[44], the calcite surface is
strongly hydrophilic (we will discuss the WCA of calcite shortly).

The strong hydrophilicity of the calcite surface is also manifested in the orientation angle (¢,
defined as the angle between the H-O-H bisecting vector and the surface normal) distribution of
water molecules in the first two wetting layers, as shown in Fig. 2b. According to the Fowkes
approach[65,66], W,4,, can be divided into a polar (electrostatic such as hydrogen bonding) part
and a nonpolar (dispersive or van der Waals) part. For a nonpolar surface such as graphene,
W,4n arises solely from dispersive interactions[44]. Indeed, for graphene water molecules in the
first wetting layer preferably have their dipole moments pointing parallel to the surface (¢~90°).
For the calcite surface, we find that ¢~60°, i.e. polar interaction is invoked, resulting in strong
water adsorption.

A closer examination reveals the detailed structure of interfacial water molecules, as shown in
Fig. 2c for the O-H bond angle (a, defined as the angle between the O-H bond vector and the
surface normal) distribution. Water molecules in the first wetting layer are bonded to surface
Ca®" ions, while water molecules in the second wetting layer tend to have their O-H bonds
pointing to the topmost protruding O” ions in the surface CO3” group. Such interfacial water
structure originates from the hydrogen-bonding network at the interface, as highlighted in Fig. 2d.
Furthermore, from the planar-averaged charge density difference {(pcalcite—water(Z) —
Pealcite (Z) — Pwater(2)), we find that electrons are transferred from the calcite surface to the
interfacial water. Therefore, the calcite surface exhibits strong hydrophilicity, due to the
electrostatic interaction that results from electronic redistribution.

The question then arises: What is the WCA of the calcite surface? To answer this question, we
have calculated E5% and found it to be 527 mJ/m’. Taking approximately into account the
entropic contribution (for graphitic carbon surfaces, a constant 33% of the enthalpic contribution,
regardless of the number of graphene layers[40]), WanLh is 353 mJ/m?’, significantly larger than
the surface tension of water yy (72.0 mJ/m?)[48]. From Eq. (3), such large WanLh indicates that
water completely wets the calcite surface, as found in WCA measurements on freshly cleaved
calcite surface[67]. It has also been shown by classical MD simulations that water completely
wets the calcite surface in the dodecane phase[27]. Note, however, that from Eq. (4), for the
competitive wetting of oil and brine on the calcite surface, a finite oil-in-brine contact angle is
possible if WS is comparable to W, k.
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Figure 2. (a) Water density profile along the surface normal. Dashed lines indicate the positions of the first two
wetting layers at 2.4 and 3.2 A respectively (marked also by shaded areas). (b, ¢) Orientation angle and O-H
bond angle distributions of water molecules in the first and second wetting layers. (d) Left: (ensemble-
averaged) planar-averaged charge density difference {0cacite—water(Z) — Pealcite (Z) — Pwater(2)). Red and
blue shaded areas denote for electrons accumulation and depletion respectively. Right: isosurface of
differential charge density pejectron () — Patom (T'), Where the electron redistribution highlights the interfacial
hydrogen-bonding network. Water molecules in the first and second wetting layers having representative
configurations of the distributions in Figs. 2a-2¢ are circled by black and dashed red lines, respectively

B. Effect of low NaCl salinity

The carbonate reservoir is initially in equilibrium with formation water, which contains a high
concentration of NaCl. In a previous DFT study, the low-salinity effect was considered in terms
of the dielectric constant variation in the continuum solvent model[33]. Here we consider the
incorporation of Na” and CI” ions in the brine explicitly. With the addition of NaCl salt, a typical
double layer is formed in the vicinity of the calcite surface, as shown in Fig. 3a. It is worth
pointing out that the presence of a double layer does not necessarily require the surface to be
charged[28]. As already demonstrated, the calcite surface is strongly hydrophilic, i.e. water
molecules in the first two wetting layers are strongly adsorbed to the calcite surface. We find that
Na' and CI ions are unable to penetrate the first two wetting layers, due to the large energy
penalty that needs to be paid for reconstructing the interfacial hydrogen-bonding network.



Besides, Na ions sit closer to the calcite surface than CI” ions, possibly due to the smaller ionic
radius of Na' ions.

However, Na” and Cl ions establish their solvation shells, which interact with the calcite surface
through the hydrogen-bonding network in the first two wetting layers. Upon the “proximal
adsorption” of Na' and CI ions, the first wetting layer slightly depletes from the calcite surface
(Fig. 3a, highlighted by the comparison between black and grey lines). As a result, interfacial
water structure (especially the orientation angle and O-H bond angle distributions) is
significantly modified, as shown in Fig. 3¢c-3d. This result strongly indicates that the adhesion
between the calcite surface and the NaCl brine becomes weaker, resulting in a less water-wet
(more oil-wet) state.

Indeed, assuming an initial mixed-wet state (6, = 90°), the calcite surface is driven to the oil-
wet state by 24° upon wetted by 0.6 M NaCl brine, as shown in Fig. 1¢. This result manifests the
low-salinity effect that is observed in many experiments[14-16,18,19], and is in line with a
recent contact angle measurement!'® (more oil-wet by 50° upon wetted by 1.0 M NaCl brine). It
is worth noting that, in experiments, non-monotonicity of the dependence of contact angle on
NaCl concentration was found[18], i.e. with increasing the NaCl concentration the calcite surface
became firstly more water-wet at 0.001 M. Unfortunately, we are unable to verify this non-
monotonicity, since such low concentration is unreachable by quantum MD simulations.
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Figure 3. (a) For calcite-NaCl brine: density profiles of water and NaCl salt ions along the surface normal. The
water density profile for calcite-water is shown by the grey line for comparison. (b) For calcite-NaCl brine:
orientation angle distribution of water molecules in the first wetting layer, compared to calcite-water. (c, d) O-
H bond angle distribution of water molecules in the first and second wetting layers.

C. Effect of potential determining ions Ca**, Mg®*, and SO4*

In the above discussions, we have demonstrated that the low-salinity effect originates from the
fundamental role of Na' ions as the “interfacial water structure breaker”. This is not the case for
calcite-CaSO4/MgSO, brine. The proximal adsorption of Ca*", Mg*", and SO, ions also occurs
above the first two wetting layers, with the metal cations Ca®"/Mg*" sitting closer to the surface
than anions SO42', as shown in Fig. 4a. The interfacial water structure, however, is hardly
modified, as shown in Fig. 3c-3d. This result is possibly due to the fact that divalent Ca®" and
Mg®" ions sit slightly farther away from the calcite surface than monovalent Na ions (see Figs.
3a and 4a).

In fact, in many laboratory investigations, Ca*", Mg*", and SO, ions present in seawater are
often described as “potential determining ions” as they have great impact on the surface
charge[9-13]. The initial (positive or negative) surface charge might depend on the experimental
conditions[9-13]. We find that the water-wetted calcite surface is “positively charged” by 0.103 e
per surface CaCOj; unit (estimated from Mulliken population analysis). While the laboratory
observation of the positive surface charge results possibly from surface complexation of
ions[68,69], the present calculations provide an indication of an intrinsic effective surface charge
on the calcite surface induced by the ions. Besides, zeta potential measurements showed that
adsorption of metal ions Ca*" and Mg”" raises the surface charge while adsorption of SO, ions
lowers the surface charge[13]. It has been further suggested that adsorption of sulfate ions
facilitates the desorption of the negatively charged carboxylic group due to the electrostatic
interaction[9-13].

Due to the electronic redistribution induced by the proximal adsorption of Ca**, Mg, and SO,
ions, the calcite surface becomes more positively charged, as shown in Fig. 1c. The enhanced
“charge transfer” (from the calcite surface to brine) results in stronger electrostatic interactions
between the calcite surface and the interfacial water, and hence stronger hydrophilicity. Indeed,
the calcite surface becomes more water-wet when wetted by 0.3 M CaSO4/MgSO; brine, as
shown in Fig. lc. Such “charge transfer” is more pronounced for Ca®" ions than Mg®" ions,
indicating that Ca®" ions are more effective wettability modifiers. One could also see from Fig.
lc that the proximal adsorption of Na’ and Cl ions hardly induce any charge transfer. These
findings are in line with experimental observations[9-13] that Ca®", Mg*", and SO4* ions are
“potential determining”.

To further illustrate specifically the role of SO,4* ions, we study calcite-Na,SOy brine where Na”*
and SO,> ions compete with each other. On one hand, the interfacial water structure is slightly
modified, possibly due to the reminiscent effect of Na' ions as interfacial water structure



breakers, as shown in Fig. 3c-3d. On the other hand, charge transfer occurs, as shown in Fig. 1c.
The net effect is to render the calcite surface more water-wet, as shown in Fig. 1c. In fact, the
calcite-Na,SO4 brine wettability is only slightly less water-wet than calcite-CaSOy4 brine.
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Figure 4. (a) Density profiles of water and CaSO,/MgSQ, salt ions along the surface normal. (b) Density
profiles of water and MgSO,4/NacCl salt ions along the surface normal at different temperatures.

D. Effect of temperature

The positive impact of temperature (the carbonate reservoir becomes more water-wet with
increasing the temperature) has been reported in experiments[10,12,14]. For potential
determining ions, it was attributed to the more pronounced surface charge alteration, as ion
adsorption was enhanced by increasing the temperature™ ’. The present calculations partly
support such suggested mechanism. As shown in the upper panel of Fig. 4b, for the case of
calcite-MgSOs, the metal cation Mg" sits closer to the surface with increasing temperature.
However, contrary to the general expectation that the co-adsorption of SO4* would be facilitated,
we find that SO42' is driven further away from the calcite surface. As a result, the calcite surface
becomes even more positively charged. Assuming a correlation between wettability alteration
and interfacial charge transfer for potential determining ions, the calcite surface hence becomes
more water-wet. This finding provides an alternative insight for the role of Mg”" ions as
wettability modifiers at high temperatures, in addition to the substitution mechanism[12,32].

In the low-salinity effect, the positive impact of temperature is also manifested. For calcite-NaCl
brine, with increasing the temperature, while the first two wetting layers are still present, the



proximal adsorption of Na' and CI ions occurs closer to the calcite surface, as shown in the
lower panel of Fig. 4b. More importantly, at high temperatures, Na' ions even become capable of
penetrating the second wetting layer, and therefore the impact of disrupting the interfacial water
structure is enhanced.

E. Core-flooding experiments

We have demonstrated with simulations that with the dilution of NaCl salinity and addition of
Ca2+, Mg2+ and SO4* ions, the calcite surface becomes more water-wet and hence EOR is
expected. To further corroborate such results, we performed core-flooding experiments on a
carbonate core saturated with ADNOC crude oil with different brines: formation water (FW), 4-
times diluted seawater (4dSW) and 4-times diluted seawater with the addition of 3-times sulfates
(4dSW3S). As shown in Fig. 5a, the recovery from FW is 51%. Oil recovery is enhanced by 15%
when the injected seawater is 4-times diluted. With the addition of 3-times sulfates, oil recovery
is further enhanced by 14%. Our core flooding measurements are hence in line with quantum
MD simulations.

To further investigate if the presence of Ca*" ions is required for SO4* ions to alter the
wettability, we removed Ca®" jons from 4dSW3S (referred to as 4dSW3S0Ca), and performed
comparative spontaneous imbibition experiments with the two brines having the same ionic
strength. The experiments were performed on cores that were saturated with ADNOC crude oil.
During the imbibition, dissolution of the calcite surface takes place until an equilibrium of Ca*"
concentration is achieved. However, similar oil recovery is observed for the two brines over time.
As shown in Fig. 5b, the recovery from 4dSW3S is 20.8% whereas the recovery from
4dSW3S0Ca is 22.6%, suggesting SO4> rather than Ca®" ions as wettability modifiers. This
result is again in line with quantum MD simulations.
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Figure 5. (a) Core flooding recovery results with three brines (see text): FW, 4dSW, and 4dSW3S. (b)
Spontaneous imbibition experiments with two brines (see text): 4dSW3S and 4dSW3S0Ca.

IV. CONCLUSIONS



In conclusion, we have performed extensive quantum MD simulations to study the wettability
alteration mechanism responsible for EOR at the calcite-brine interface. Wettability is reliably
characterized by the contact angle using the work-of-adhesion approach. Complete water wetting
is predicted for calcite surfaces with strongly hydrophilic first two wetting layers that hinder
wettability modifiers (Na", CI, Ca2+, Mg2+, and SO,* ions) from reaching the surface. The
impact of such proximal adsorption on wettability alteration is two-fold: Na" and CI  ions settle
closer to the surface, disturbing the interfacial water structure and rendering the calcite surface
less water-wet (which inhibits oil recovery), while Ca**, Mg*" and SO,* ions settle farther from
the surface, modifying the surface charge and rendering the calcite surface more water-wet
(which enhances oil recovery). The impact is more pronounced at high temperatures as the
proximal adsorption is enhanced. Our core-flooding and spontaneous imbibition experiments
corroborate the theoretical results and further demonstrate the role of SO42' rather than Ca®' ions
as wettability modifiers. The present study opens the avenue to study the wettability alteration
mechanism at the atomic scale, and brings physical insights into the underlying role of
wettability modifiers. For the purpose of EOR, the following characteristics are desired in
designing smart water: low NaCl concentration, high CaSO4/MgSO, concentration, and high
temperature.
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