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ABSTRACT: This study aims to elucidate the impact of salinity on the
interactions governing the adsorption of polar aromatic oil compounds onto
calcite. To this end, molecular dynamics simulations were employed to assess
adsorption of a model polar organic molecule (deprotonated benzoic acid,
benzoate) on the calcite surface in NaCl brines of different concentration levels,
namely, deionized water (DW), low-salinity water (LS, 5000 ppm), and sea water
(SW; 45,000 ppm). Calcite was found to be completely covered by several well-
ordered water layers. The top hydration layer is very compact and prevents direct
adsorption of benzoates onto the substrate. Instead, Na+ ions form a distinct
positively charged layer by adhering on the calcite substrate through inner-sphere
complexion mode. Cl− ions mostly lodge on top of the adsorbed sodium cations,
forming a negatively charged layer. The distribution of ions at the calcite/brine
interface thus exhibits the features of an electrical double layer, composed of a
Stern-like positive layer followed by a negative one. The positive charged layer attracts benzoates toward the surface. As such,
the sodium ions attached onto the calcite can act as adsorption sites to connect benzoates to the surface. By increasing the
salinity, more Na+ ions adsorb onto the calcite surface, and the density of benzoate molecules at the interface is enhanced as a
result of more Na+ bridging ions. The monotonic salinity-dependent adsorption of benzoate molecules on calcite offers a
mechanism driving additional oil recovery upon injection of diluted brine into subsurface carbonate reservoirs.

■ INTRODUCTION

Solid/liquid interface is a matter of interest in diverse scientific
and industrial disciplines. It covers numerous phenomena
relevant to minerals, from biomineralization to enhanced oil
recovery operation. To date, different types of minerals have
been studied in the context of solid/liquid interface.1−4

Especially, calcite (CaCO3) has been actively investigated,5−8

largely owing to its presence in many oil reservoirs.9 Despite
strong water-favoring virtue of carbonates, those kinds of
reservoirs are widely found to be oil-wet due to adhesion of
polar hydrocarbons, typically carboxylic-end compounds, from
crude oil to the pore surfaces.10 This process takes place over
the geological years, leading to coverage of rock surface by
amphiphilic compounds of crude oil and hence turning the
wetting preference of pore walls to an oil-wet state.11 Little is
known about interactions governing oil wetness of calcite
reservoirs as well as relevant controlling factors.
Injection of low-salinity brines introduced about two

decades ago as an efficient, economic, and also environ-
mental-friendly method for enhancing oil production from

subsurface reservoirs.12 Unlike traditional waterflooding
operations carried out by exploiting sea water (SW), it has
been observed that oil displacement by diluted SW provides
additional oil recovery.13 The working mechanism(s) of such
production enhancement is not well understood yet; it is
unanimously conceived that injection of low-salinity saltwater
(LS) alters the wettability of oil-bearing rocks to favor a water-
wet condition.14 In this sense, ions act as mediating agents,
facilitating adsorption of charged hydrocarbons on rock
substrates.15 Upon reducing the salinity of pore space, the
ions will release from the pore walls and, at the same time,
detach oil species. This notion has been corroborated via
extensive nanoscale observations and also a few atomistic
investigations on clay and quartz surfaces.16,17 In general, the
wettability alteration by salinity modification is in the essence
of the adsorption/desorption process. This general concept is

Received: July 23, 2019
Revised: December 8, 2019
Published: December 9, 2019

Article

pubs.acs.org/JPCBCite This: J. Phys. Chem. B 2020, 124, 224−233

© 2019 American Chemical Society 224 DOI: 10.1021/acs.jpcb.9b06987
J. Phys. Chem. B 2020, 124, 224−233

D
ow

nl
oa

de
d 

vi
a 

T
U

 D
E

L
FT

 o
n 

Ja
nu

ar
y 

17
, 2

02
0 

at
 1

4:
20

:5
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCB
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.9b06987
http://dx.doi.org/10.1021/acs.jpcb.9b06987


yet obscure, especially for calcite minerals, needing deep
analysis to explore how ions come to the play for the access of
oil compounds to a naturally water-wet mineral. This stems
from the molecular complexity of oil so that one cannot
definitely discern the contribution of chemical structures and
functional groups into the wettability of the reservoir rock.9

However, it has been well established that the interaction of
polar −COOH groups from the oil with calcite is the most
decisive for wettability changes since organic molecules with
carboxyl groups strongly bind to the calcite substrate and
render the surface oil-wet.18−24 Molecular-level insight is
needed to understand the complex competitive interactions
between brine, calcite, and organic molecules.
In this paper, molecular dynamics (MD) simulation was

employed to unveil the interfacial behavior of a mixture of
brine and model oil (mimicked by benzoate molecules; as a
typical hydrolyzed aromatic acid) confined by calcite slabs.
Brines with Na+ and Cl− ions at different salinities are
compared to study the impact of salinity on the interactions at
the calcite/fluid interface. Specifically, we study how the
distribution of ions at different salinities at the calcite/brine
interface and in the bulk affects the interactions of organic
molecules with the mineral.

■ METHODS
MD simulations were carried out to simulate an oil−brine
mixture enclosed between two parallel calcite slabs (Figure S1,
Supporting Information). Various monovalent and divalent
ions are commonly present in brines (e.g., Na+, Cl−, Ca2+,
Mg2+, and SO4

2−), resulting in a complicated interplay between
competing interactions at the calcite/brine interface.25 We
here focus our attention on Na+ and Cl− ions, which are the
prevalent electrolytes in sea and ground water26 and are
expected to play a determining role in the preferred wettability
of a calcite surface. In a conventional waterflooding operation,
sea water (with a typical salinity of 30,000−70,000 ppm8) is
utilized as the injecting fluid because of its availability and
accessibility by off-shore drilling rigs. In a normal laboratory
practice, diluted aliquots of SW (5 to 100 times dilution) are
normally utilized to examine the wettability response of a rock
sample to decreasing salinity. With this regard, we probe the
impact of Na+ and Cl− at salinities of 0.0, 5000, and 45,000
ppm corresponding to typical concentrations for deionized
water (DW), low-salinity water (LS), and sea water (SW),
respectively. It should be emphasized that 24 sodium ions were
added as background ions to each model to satisfy the
neutrality of the model. It is critical to take charge balancing
cations in conjunction with negatively charged benzoates.
Benzoic acid is a proper candidate for mimicking a polar

fraction of crude oil, having enough solubility in water to, in
effect, be able to adhere on minerals in aqueous
solutions.18,27,28 The saline brine in carbonate reservoirs is
known to be buffered to a basic pH, normally at 8.17,29 At such
a basic condition, it is expected that carboxylic acids (with pKa
= 4.230) are largely deprotonated to the carboxylate (−COO−)
form.16 This is the reason behind the selection of benzoate,
rather than benzoic acid. Although heavy compounds, namely,
asphaltene and resin, are supposed to comprise the major polar
fraction of crude oil, the hydrocarbon model (benzoate) in this
study was taken as simple as possible to avoid potential
intricacies coming with self-interaction (often laterally) of
adsorbed molecules, as pointed out by Legens et al.,27 and their
self-assembly in the bulk, for example, well-known asphaltene

aggregation. In this manner, we focus specifically on the impact
of salinity on surface adsorption of polar compounds.
The calcite {101̅4} plane was considered as the adsorption

surface of the mineral in contact with the brine. The charge-
neutral {101̅4} plane of calcite is known as the most stable
cleavage plane of the mineral.31 The planar surface is oriented
orthogonally to the z-direction. The calcite slab dimensions are
56.67 Å × 54.89 Å × 19.77 Å, with a total of 1078 CaCO3
units. The periodic boundary condition was set to all directions
while having two 5 nm-thick vacuum spaces that were placed
above and below the calcite slabs to avoid unwanted
interaction of period images along the z-direction. In each of
the simulations, 24 benzoate molecules were placed in ordered
arrangement near the middle of the 60 Å slit pore (see Figure
S2). Next, the slit was filled with 6183 water molecules to
achieve a water density of approximately 1 g·cm−3 using the
PACKMOL package.32 Subsequently, the required number of
ions to satisfy each desired salinity was randomly inserted into
the ensemble. Sufficient excess Na+ ions were added to balance
the negative charge of benzoates.
We adopted interatomic potentials derived by Xiao et al.33

for calcite and water that were treated using the flexible
TIP3P/Fw model.34 This force field has found its popularity in
recent studies on interface characteristics of organic com-
pounds contacting calcite.35−37 The water model and the C−O
bond of carbonate in calcite are flexible for a more realistic
description of interactions of calcite with water and benzoates
at the interface.38 We used the OPLS-AA39,40 force field to
describe the interaction of benzoates and the interaction
parameters of Na+ and Cl− ions. This parameter set is verified
to be consistent with that of CaCO3.

33 Interactions between
different species were modeled using a geometric mixing rule
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where rij is the distance between the atoms i and j, q is the
atomic charge, and ε0 = 8.85418782 × 10−13 F·nm−1 is the
vacuum permittivity. The energies of covalent bonds, bond
angles, and dihedral angles are described by
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where ri0 and θi0 are the equilibrium bond lengths and
equilibrium covalent angles, respectively, the K values are their
respective stiffness, and φi is the dihedral angle.
The simulations were performed using the LAMMPS41

package with a simulation time step of 1 fs. Van der Waals
interactions were truncated at a cut-off distance of 15.0 Å.
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Long-range Coulomb interactions were resolved using the
particle−particle/particle−mesh (PPPM) method in reciprocal
space beyond 15.0 Å with an accuracy of 10−5. All simulations
were performed by keeping the box volume constant, with the
Nose−́Hoover42,43 thermostat coupled to the fluid particles to
set the fluid’s temperature to 80 °C. Equilibrium conditions
were reached by first running simulation for 0.5 ns; meanwhile,
the bottom calcite slab was held in place by freezing its
constituting atoms, whereas the top one was made rigid, that is,
treated as a whole single entity. This allowed the upper slab to
freely move up and down in response to the thermal
expansion/compression of confined brine solution coupled to
a thermostat at 80 °C. In this sense, the top slab floats up and
down like a solid free piston above the brine solution. It should
be emphasized that the presence of a 5 nm-thick vacuum layer
above the calcite slit allows the upward/downward movement
of the top slab and, consequently, the volume change of the
confined solution. By then, during the next 1.5 ns, a 30 MPa
equivalent force was exerted on the upper slab at the same
temperature. In this case, the slab acts as a piston by applying

the desired reservoir pressure on the brine. At the end of this
stage, the upper slab was made fixed (as the lower one), and
the production run began. This procedure is schematically
shown in the Appendix of the Supporting Information. The
production run simulations were performed for 50 ns, with
atom’s trajectories being printed every 0.5 ps for post-analysis.
The simulation protocol is presented in detail in the Appendix
of the Supporting Information, together with discussion on
verification of the sufficiency of equilibration timespans.

■ RESULTS
In this section, we present the results of our analysis using
trajectory data gathered from the last 20 ns time frame of the
production run. In the following, first, the mean square
displacement (MSD) of benzoates was monitored versus time
to infer equilibrium time frame for gathering statistics (see the
Supporting Information for the details). Molecular densities
are displayed to analyze the impact of salinity on the
distribution of benzoates across the calcite slit. The
distribution of ions in different salinities is also explored to

Figure 1. Density profile of (a−c) oxygen and hydrogen atoms of water (Ow/Hw) and benzoates (Bz) and (d, e) Na+−Cl− ions in different brines.
Maxima of water density (based on Ow) and Bz are outlined in (d) and (e) for the sake of clarification of position of ions. The data was averaged
over both calcite slabs but presented for one of the interfaces.
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study the influence of charge distribution on benzoate−calcite
interplay. This interaction is then verified via radial distribution
functions. The persistence of benzoates within the calcite/
brine interfacial region is analyzed with the aid of survival
probability and residence time. Finally, the spatial arrangement
and orientation of benzoates are scrutinized near the substrate.
All analyses are purposed to probe the effect of salinity level on
the interactions between the model organic molecules
(represented by benzoates) and the calcite surface.
Density Distribution of Species. Water Density. The

number density profile of water’s oxygen (Ow) and hydrogen
(Hw), shown in Figure 1a−c indicates well-structured
hydration layers within the calcite/brine interfacial region.
Note that all distribution profiles are symmetrized over calcite
surfaces. As shown, these rugged layering of Ow density is
followed by a nearly smooth profile toward the bulk of the
brine. We recently verified that the formation of such well-
ordered hydration layers is a consequence of the crystal
structure of the calcite substrate.44 The appearance of two
distinguishable water layers is in agreement with the
observation made by Fenter et al.45,46 Mutisya et al.38 reported
that this ordering is the result of direct interaction of water
molecules with calcite. This has been validated by Ukrainczyk
et al.,47 who pointed out that the water molecules in the first
hydration layer directly bind to the outermost Ca atoms. Our
previous results from density functional theory calculations are
in agreement with their findings.48

The water atomic densities in Figure 1 are interpreted from
our recently published results.44 The water molecules closest
to the calcite surface, as implied by the sharp peak of Ow
profile, orient such that strongest interactions are established
with surface calcium while maintaining H-bonding with the
upper (secondary) water layer. At the same time, the second
layer of water molecules forms hydrogen bonds with the
outmost oxygen of surface carbonate groups. This arrangement
is well reflected in the broad first peak of Hw, standing
between the two Ow layers. The first hydration layer, directly
on top of the substrate, is the precursor of all adsorbing layers
onto the calcite substrate. The density profiles in Figure 1a−c
reveal that organic species locate beyond dense hydration
layers. Kirch et al.49 recently identified a hydrogen bonding
network in the hydration layer that results in persisting thin
water film wetting carbonate reservoirs.12 The density of the
second hydration layer is much lower than that of the first one.
The more likely permeation of ions into the layer lowers its

density at higher salinities, as shown in Figure 1a−c. This was
found to disturb the hydrogen bonding network in this second
layer.49

Following two dense hydration layers bordering the calcite
slab, there are some contiguous, modest layers, henceforth
called “transition zone”, coming before the bulk-like fluid
region. This somehow broad zone is easily permeable to ions
and benzoate molecules. Regarding this definition, the space
enclosed by calcite slabs was partitioned into interfacial and
bulk spaces, with the former (around 1 nm outward the solid
surface) indicating the regions of oscillatory Ow density
adjacent to the solid surface and the latter, the space in middle
of interfacial zones, both sketched in Figure S3.

Ions. The ion distribution profiles in Figure 1d,e indicate
that most of Na+ ions are located immediately above the calcite
substrate. The sharp narrow peak of sodium ions is so close to
the first hydration layer, suggesting that sodium ions bind
directly to the basal (upper) oxygen atoms of the calcite
substrate with no intervening water molecule, which was
visually identified as well (Figure S1). In this fashion,
electrostatic interaction is so strong that it allows outmost
carbonate oxygen to be contained in the first coordination shell
of adsorbed Na+ ions. As a further corroboration, the RDF
profiles of sodium were obtained with respect to oxygen atoms
of carbonate and water within the interface as well as regarding
the water oxygen in the bulk phase, shown for varying salinities
in Figure 2a. In all salinities, the first peak of g(r) (Na+−Ow) for
both interface and bulk regions coincide nearly at 2.4 Å but
with greater height in the latter case, which indicates the partial
solvation of Na+ ions at the interface due to carbonate oxygen
sharing with water in the first hydration shell compared to the
complete hydration of the ion expected in the bulk.
Additionally, the sharp peak of RDF for Na+−Ocalcite results
from extreme localization of sodium ions at close separation to
the calcite surface.
Although some of the Cl− ions lodge together with the Na+

cations directly on the basal calcite surface, they are mostly
concentrated within the transition zone between hydration
layers and bulk water. By increasing the salinity, the number of
ions in the interface also increases, and an electrical double
layer (EDL) will appear at the interface in LS and SW
solutions (Figure 2b). The development of such an EDL close
to a neutral surface supports the idea that a double layer does
not necessarily require the surface to be charged.25,50 The
sharp density peak of Na+ ions, as shown in Figure 1d,e,

Figure 2. (a) RDF between sodium ion and different O atoms. (b) Charge density variation over the calcite slab at different brine salinities (the
values are averaged over both slabs and presented for one; the negative layer is closed up to show the smooth charge of LS).
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exceeds that of the Cl− ions in the same layer, resulting in a net
positively charged layer in proximity to the calcite surface.
Such a compact layer of ions resembles the concept of a Stern
layer that would form adjacent to a charged surface.4 The
position of the positive peak between two monolayers of water
at the interface is in agreement with observed locations of
counterions in the Stern layer near multiple smooth charged
surfaces.51,52 The broader negative layer is analogous to a
diffuse layer, which balances the positive charge of the positive
layer.53

Benzoate. The number density distribution of benzoates
(Figure 1a−c) was acquired by tracing the z-coordinate of the
phenyl carbon attached to the carboxylate group in each
molecule. Benzoate molecules mostly appear within the edge
of the transition zone of the calcite/water interface. The strong
density peak of these molecules implies an adsorption
mechanism, whereby benzoates penetrate into the interfacial
transition zone to approach the calcite surface. That peak is
followed by a faint one at ∼8.5 Å, denoting the occasional
hydrophobic contact of bulk benzoates with those adsorbed on
the surface. Beyond this, the density of benzoates decays
toward the bulk region. Note that the peak height of benzoate
density in the interfacial region increases proportional to
salinity, with the highest value at SW brine. This increasing
trend suggests that the benzoate adsorption on calcite is
governed by ions at the interface, with greatest adsorption at
the highest salinity, SW.
Radial Distribution Function. Radial distribution func-

tions (RDF, g(r)) were analyzed to investigate the probability of
molecules or ions to form pairs. The RDFs for benzoates in
Figure 3 show a clear difference between the self-interaction of
the polar molecules inside the interface and bulk regions at
different salinities. Within both regions, the highest probability
of benzoates interaction is due to SW, in accordance with their
highest population (density) at that salinity, as already seen in
Figure 1. In the RDF profile of benzoate−Na+ (Figure 4),
there is a significant peak at ∼4.5 Å, suggesting the emergence
of direct pairing. The greater potential for ion−benzoate
pairing is clearly deduced by a greater peak of RDF at the
interface, with the most plausible interactions at LS brine. The
probability of Na+−Cl− pairing is totally distinct for LS and
SW at the interface and bulk spaces (Figure 5). The first
pronounced peak at 2.75 Å corresponds to formation of Na−
Cl contact ion pair, which is in agreement with the
literature.54,55 The literature also confirms the second peak at
5.2 Å for the bulk space, which belongs to solvent-separated
ion pairs.55,56 As shown in Figure 5, it is more probable to
observe Na+−Cl− pairs in the bulk SW, whereas in the
interface of LS, that type of ion pairing is more plausible. The
RDF between benzoates and water reflects the strong
interaction between these molecules, indicated by the
formation of multiple hydration shells around benzoates
(Figure S4). Seemingly, benzoate−water interaction slightly
diminishes by salinity. It might be ascribed to the greater
extent of benzoate−Na+ complexation at higher salinities.
Survival Probability and Residence Time. At this stage,

we examine the tendency of benzoates to stay in the bulk and
interface regions. Residence time is a proper analysis for this
purpose, obtained by the time integration of survival
probability function, defined by57

p t
T

N t t t
N t

( )
1 ( , )

( )t

T

1

0 0

0
0

∑=
+

= (6)

The survival probability, p(t), is the number of benzoate
molecules N(t0, t0 + t) that remains adsorbed within the time
interval [t0, t0 + t] relative to the total number of benzoates,
N(t0), present at the interface at the initial time, t0, averaged
over all time steps, T.38 Figure 6a,b displays the survival
probability for interface and bulk spaces, smoothed by fitting to
exponential curves. In both cases, the survival probability of
benzoates decay faster at DW compared to other solutions.
Accordingly, the longest residence time belongs to the highest
salinity solution, SW (Figure 6c). The salinity dependence of
residence time is rationalized by the fact that, at higher salinity,
the benzoates find more Na+ ions near the interface and within
the bulk to pair with and thus prefer staying in each region
longer. Let us think of benzoates dynamically exchanging
between bulk and interface spaces. There would be greater Na+

ions on the calcite surface at higher salinity, which will entangle
a higher fraction of benzoates at the interface. Hence,
benzoates tend to stay near the calcite surface at concentrated
solutions, which, in turn, slows down the bulk interface transfer
process.

Orientation of Benzoates. So far, we have observed that
the behavior of benzoates at the interface is largely affected by
salinity of the brine. It is also expected that the salinity of the
brine impacts the orientation of benzoates with respect to the

Figure 3. Radial distribution function revealing the interaction
between benzoates (a) at the calcite/brine interface and (b) in the
bulk.
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surface. To inspect such impact, two orientation angles were
probed.
Orientation of the −COO Functional Group. We defined a

vector that passes through the phenyl ring and the carbon
atom of the −COO functional group (see Figure 7a). θ is the
angle of the intersection of this vector with any plane parallel
to the calcite surface. The value of θ is close to 50°, which
reflects that the polar molecules are oriented with their −COO
head group inclined to the surface normal vector (Figure 7b).
Orientation of the Aromatic Ring. To scrutinize the

orientation of the aromatic ring with respect to the surface, we
defined φ as the angle between the normal vector to the phenyl
ring and the plane parallel to the calcite surface, as depicted in
Figure 7a. The dominant distribution of angles around 0°,
extending between −20° and 20°, reveals the nearly
perpendicular orientation of the phenyl ring with respect to
the calcite surface (Figure 7c).
The orientation analysis of benzoates supports the idea of

pairing between the negative functional group of benzoate
(−COO−) and the interfacial Na+ ions. Note that, in both
maps of benzoate orientations, the salinity does not totally
change the orientation of the molecules with respect to the
substrate. However, in the SW brine, the orientation of
benzoates is the most well ordered among all salinities to afford
the most efficient interaction between benzoates and the
hydrated calcite surface via positive sodium ions. Thus, a
sufficient number of Na+ ions adsorbed onto hydrated calcite
can regulate the orientation of benzoates with respect to the
surface.

Lateral Density Profile. Thus far, different analyses
suggested that Na+ ions residing on the calcite surface act as
adsorption sites for linking benzoate molecules to the solid
substrate. As a complement to that deduction, we need a
statistically sound analysis to evaluate the average positioning
of species in the calcite interface. For this purpose, a lateral
density map was obtained for benzoate and ions in the
interface regions, shown as superimposed in Figure 8. The
results reveal that Na+ ions tightly lodge onto calcite that is
inferred by dense blue marks in all salinities. Together, in LS
and SW brines, there are some sporadic green signs, indicating
the direct adsorption of Cl− assisted by in situ Na+ ions. This
recalls the multimodal density profile of chloride, already
depicted in Figure 1, having one peak coinciding with that of
Na+. It is interesting to note that the protruding oxygen atoms
of surface carbonates act as adsorbing sites for sodium cations.
This is clearly recognized by comparing the lateral density map
of Na+ in the interfaces and the structure of the outermost
layer of calcite substrates (Figure 9).
The pink background of Figure 8 shows the accessibility of

benzoate to any planar coordinate within the calcite interface.
However, it is noticed that benzoate does not uniformly visit
the whole calcite surface. There are some preferred locations,
dense marks in Figure 8, for surface accumulation of benzoates.
The clear overlap of those portions with densely occupied Na+

points provides an additional evidence for concluding that
adsorbed sodium cations are potential sites for pinning
wandering benzoates to the calcite surface. The density maps
reveal that benzoates mostly appear near adsorbed Na+ ions

Figure 4. Radial distribution function for the interactions between
Na+ ions and benzoates (a) at the interface and (b) in the bulk of the
calcite/brine system.

Figure 5. Radial distribution function of Na+−Cl− interactions at the
interface and bulk of the calcite/brine system.
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(encircled by dashes). The accumulated population of
benzoates that adsorb at the interface is the largest at SW.
While adsorbed cations potentially link benzoates to the
surface, the adsorbed Cl− anions do not, as can be expected.
Also, the ratio of benzoates that pair with Na+ ions is the
highest at SW (Figure 10).

■ DISCUSSION

The formation of stratified hydration layers over calcite, as
shown by the density profiles, is in agreement with layered
structuring of water observed in previous works.38,49 A
monolayer of water molecules compactly covers the immediate
vicinity of calcite. The persisting monolayer of water wetting
the calcite surface consolidates the water wetness of the
substrate.12 This dense water layer, nonetheless, could be
penetrated by sodium cations to establish inner-sphere
complexation with the outmost oxygen atoms of basal
carbonate groups. In this circumstance, Na+ cations adhere
on the calcite substrate by partially preserving their
coordinating shell.58 Cl− ions partly adsorb alongside the
cations and stay beyond the first two hydration layers as well.
This type of uneven ion distribution leads to the development
of an EDL, consisting of a positively charged Stern-like layer,
followed by a negatively charged layer. The induced positive
charge on the hydrated calcite agrees with the observed
positive zeta potential of carbonates, especially by increasing
NaCl concentration.59,60 Observing positive zeta potential is, in
effect, the consequence of the permeation of Na+ ions into the
hydration layer on top of the calcite. As such, the electrostatic
field induced by the positive layer encourages benzoates
toward the interface. Upon visual inspection and several
quantitative analyses, it was judged that Na+ ions adsorbed on
calcite potentially act as adsorption sites for capturing
benzoates that migrated to the interface. The interaction
between Na+ ions and benzoates also regulates the orientation
of the polar organic molecules with respect to the substrate. By
increasing the salinity, the number of sodium ions adsorbed
onto the hydrated calcite is increased, providing more
adsorption sites for the benzoates. This, in turn, enhances
the residence time of benzoates near the interface. This finding
offers a clue for understanding the nanoscale mechanism
behind wettability alteration and additional oil recovery when
flooding oil-bearing strata by diluted brines. Sea water is the
most available solution used for displacing and pressurizing oil
inside subsurface reservoirs.12 In keeping with empirical
observations, the atomic-resolved results obtained in this
study suggest a direct correlation between salt content in pore
spaces and extent of oil wetness of calcite rocks. This was
rationalized by recalling that adsorption of amphiphilic

Figure 6. Survival probability of benzoates at (a) the calcite/brine
interface and (b) bulk along with (c) corresponding residence times.

Figure 7. (a) Schematic representation of angles θ and φ. Distribution of angles (b) θ and (c) φ over the calcite surface.
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compounds on a calcite surface could effectively modulate its
wetting character to the oil-wetting state.

■ CONCLUSIONS
In this research, molecular simulation was carried out to
evaluate the impact of salinity on adsorption tendency of a
benzoate molecule, a typical model for aromatic acids, within a
calcite slit. A water monolayer was found to persistently wet
the calcite surface, preventing direct adsorption of benzoates
onto the mineral. On top of the compact wetting monolayer,
an electrical double layer (EDL) is formed. This EDL is
composed of a positive layer close to the calcite basal surface
followed by a negatively charged layer. The positive layer

appears due to net accumulation of Na+ as inner-sphere
charged points above the calcite substrate, whereas Cl− anions
dominate within the next hydration layers. Such a net
positively charged layer effectively entices the polar benzoates
toward the interface. By this effect, the benzoates permeate
toward the interface with their −COO− functional group
pointing to the substrate. This orientation enables the
molecules to interact directly with Na+ ions within the
interface region. As a consequence, the benzoates adsorb
indirectly onto the hydrated mineral, with Na+ serving as
bridging ions. The number of potential adsorption sites for the
benzoates increases proportional to salinity. The results
presented in our study suggest a nanometric mechanism
driving salinity-dependent wettability of calcite minerals.

Figure 8. 2D lateral density profile of Cl−, Na+, and benzoates at the
calcite/brine interface.

Figure 9. Superposition of Na+ lateral distribution over the outermost
calcite layer.
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