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ABSTRACT: The impact of ionic association with the carbonate surface and its influence toward
carbonate wettability remains unclear and is an important topic of interest in the current literature.
In this work, a triple layer model (TLM) approach was used to capture the electrokinetic
interactions at both calcite−brine and oil−brine interfaces. The developed TLM was assembled
against measured ζ-potential values from the literature, successfully capturing the trends and closely
matching the ζ-potential magnitudes. The developed TLM was compared to a diffused layer model
(DLM) presented in previous works, with the DLM showing a better match to the ζ-potential
values for seawater brine solutions. The ζ-potential values predicted from both surface complexation
models (SCMs) were used to calculate the total interaction energy (or potential) based on the
Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory. It was observed that low Mg2+ and high
SO4

2− concentrations in modified composition brine (MCB) made the calcite−brine interface more
negative. However, at the oil−brine interface, low Mg2+ made the oil−brine interface more negative
but high SO4

2− concentrations slightly shifted the oil−brine ζ-potential toward negative. At the
crude oil−brine−rock (COBR) interfaces, low Mg2+ and high SO4

2− concentrations in the MCB were observed to generate a greater
repulsive interaction energy, which could trigger carbonate wettability alteration toward water wetness. The absolute sum of the ζ-
potential at both interfaces was observed to be correlated to the total interaction potential at a 0.25 nm separating distance. Thus, an
increase in the absolute sum of the ζ-potentials would generate a greater repulsive interaction potential and trigger wettability
alteration. Therefore, these SCMs can be applied to design modified composition brine capable of triggering a repulsive interaction
energy to alter carbonate wettability toward water wetness.

1. INTRODUCTION

The use of modified composition brine (MCB), also referred to
as smart water, for waterflooding purposes has been explored for
carbonate rocks in the recent literature.1−8 However, the
underlying mechanisms responsible for the observed improve-
ment in oil production are still debatable. Mechanisms
associated with rock wettability alteration from oil-wet to
water-wet states have been proposed to cause improved oil
recovery. Most carbonate rocks exhibit oil-wet nature mainly
due to the positively charged calcite surface and the presence of
negatively charged carboxylic materials in crude oil.9,10 This
hinders oil recovery from most carbonate rocks through usual
waterflooding. The wettability alteration mechanisms associated
with carbonate rocks are multivalent ionic exchange, expansion
of the electrical double layer (EDL), electrostatic bond
interactions, surface charge alteration, and calcite dissolu-
tion.11−15 These mechanisms require the understanding of the
electrostatic interaction at the rock surface caused by brine
salinity and composition. The concept of potential determining
ions (PDIs) influencing the wettability alteration process had
been extensively investigated by Austad and co-workers in
various publications for chalk formations.4,16,17 They proposed

the multivalent ionic exchange process involving the PDIs (i.e.,
Mg2+, Ca2+, and SO4

2−) to be responsible for the wettability
alteration leading to the improved oil recovery in chalk
formations, stating that these ions need to be present in brine
composition to observe improved oil recovery.16,18 In various
literature, reducing brine salinity and increasing SO4

2− have
been associated with shifting carbonate surface charge to
negative, resulting in a repulsive disjoining pressure and altering
the surface wettability toward a water-wet state.
Surface complexation models (SCMs) have taken a

prominent stage in capturing the electrostatic effect of brine
salinity and ionic adsorption on the calcite surface.11,14,19−27

SCM provides molecular and thermodynamic descriptions of
the electrostatic and geochemical interactions on a colloidal
surface. Different types of SCM have been proposed in the
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literature to describe the adsorption of ions on the colloidal
surface.28,29 Figure 1 shows the schematic describing the
commonly used SCM for modeling the solid−liquid interface.
The constant capacitance model (CCM) assumes ionic
interaction at the inner Helmholtz plane of the solid−liquid
interface, no background electrolytes at the diffused layer, and
one plane with constant capacitance. The diffused layer model
(DLM) behaves in a similar manner as the CCM. However, the
DLM assumes background ions in the diffused layer to balance
out the surface charge at the solid−liquid interface.28,29

The basic stern model (BSM) and the triple layer model
(TLM) behave in a similar manner. Both models assume three
parallel planes separated by defined capacitances at each plane.
The capacitance is inversely related to the distance between the
planes.30 The calcite surface (X0) observes the chemisorption of
the H+ and OH− to the surface to form the hydration sites. The
inner Helmholtz layer (X1) observes the adsorption of PDIs and
the hydrated forms of the PDIs onto the outer Helmholtz layer
(X2). The counter ions stay within the diffused layer to balance
out the surface charge.31−34 Assuming three planes for the
calcite−brine interface seems to be an appropriate assumption
for electrostatic interactions. Thus, the BSM- and the TLM-
based SCMs should better represent the electrostatic ionic
interactions at the calcite surface. However, the DLM-based
SCM, which is simple to execute, does an adequate job to
represent the calcite surface and match ζ-potential meas-
ured.11,19,21,27,35 Also, the location of the X2 plane can be altered
and expanded to coincide with the slipping plane. In this case,
the potential at the X2 plane could be assumed to be the same as
the ζ-potential.30

The SCM provides an insight into the role of electrostatic
forces and interactions toward the total surface forces at the
crude oil−brine−rock (COBR) interface. Brady et al.36

combined both SCM and Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory to indicate changes in sandstone rock
wettability. Mahani et al.,2,12,37 through a series of works,
showed that SCM could be used to explain the role of
electrostatic interactions toward the change in carbonate rock
wettability when using MCB from the middle East. Sanaei et
al.38 and Bordeaux-Rego et al.39 extended the application of
SCM by combining their model with DLVO calculations of
disjoining pressure to successfully predict the carbonate rock
contact angle. It should also be noted that SCM has been
combined with reactive flow models such as UTCHEM to
predict oil recovery from formations.40−42 These approaches

served to streamline both SCM and DLVO theory incorporated
into reactive flow models to serve as a predictive tool for
designing chemically tuned brine compositions.
It should be noted that the observation of improved oil

recovery in rocks occurs over a series of length and time
scales.5,43,44 Across the length scale, SCM serves to provide an
understanding of the rock−brine−oil interactions at the
nanoscale, where the rock surface is considered as a smooth
colloidal particle interacting with oil molecules. This technique
neglects the role of surface roughness, which has been studied to
influence carbonate rock.45,46 In a work by Al Maskari et al.,45 it
was observed that surface roughness (∼17 nm) caused by calcite
dissolution did not greatly influence the wettability alteration
trends caused by low salinity water on calcite substrates. Rather,
Al Maskari et al.45 proposed that the electrostatic interactions at
the nanoscale were strong and served as the driver for the
observed changes in calcite wettability. In further analysis aimed
at increasing the surface roughness, Sari et al.46 observed that at
higher roughness (∼945 nm), the wetting state of the calcite
rock was affected. They observed that the changes in wettability
due to surface roughness could not be predicted by the Wenzel
contact angle model, indicating the importance of incorporating
electrostatic interactions at different length scales for analysis. At
the pore/microscale, microfluidic devices and micro-CT have
been used to observe the mobilization of the oil molecules
caused by wettability alteration and fluid−fluid interaction such
as microdispersion formation and osmosis.47−52 In a recent
review by Liu et al.,53 geochemistry was combined with a Lattice
Boltzmann pore model to indicate how nanoscale observations
from SCM could be translated to pore or microscale. The
observations at the nano and microscales also translate to the
observation of oil recovery at the macroscale through
coreflooding experiments.5,54 However, the time it takes for
oil to be recovered during low salinity waterflooding has
seldomly been treated in the literature. In a recent work by
Pourakaberian et al.,55 the wettability alteration process in
porous media was observed to be slow due to the electro-
diffusion of ions at the thin water film and its effect on the
electrostatic forces. Similarly, by performing oil recovery
experiment using a novel quasi-two-dimensional (2D) hetero-
genous calcite micromodel, Mohammadi et al.49,51 observed a
slow wettability alteration process and a characteristic slow
layer-by-layer oil peel-off from the pore walls, which impacted
the oil recovery. Mohammadi et al.49,51 suggested that a long
shut period was required to generate significant wettability

Figure 1. Schematic description of the solid−liquid interface for the different SCMs.
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alteration and layer-by-layer oil peel-off, which would result in
oil bank build up for improved recovery. Similar works, both
experimental and numerical, are required to advance the
knowledge of the time dependence of the low salinity
waterflooding effect in both sandstones and carbonates.
In this work, a review of the match fitting of the DLM-based

SCM would be analyzed to establish the shortcoming of the
model. This review would serve as a centralized location on the
advancement of SCM for its application toward wettability
alteration on carbonate rock using MCB. TLM was assembled
against the experimental ζ-potential for the calcite−brine and
oil−brine interfaces and compared with the already developed
DLM, which could be used as a first step in developing a more
rigorous electrostatic model. This comparative analysis would
show the advantages of the simpler DLM or the more rigorous
TLM in predicting the electrostatic interactions at the carbonate
surface. The assembled TLM was used to evaluate the impact of
Mg2+ and SO4

2− interacting at the crude oil−brine−rock
(COBR) interface and its influence on carbonate wettability
for the optimization of the brine chemistry. Total interaction
energy (or potential) at the COBR interface was calculated
based on the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory to assess the wettability alteration potential of
MCB. It should be noted that this work neglects the effect of
surface roughness and the time scale on the wettability alteration
process. This work showed that MCB with low Mg2+ and high
SO4

2− could generate a slightly negative ζ-potential at both oil−
brine and calcite−brine interfaces, resulting in a greater repulsive
interaction energy.

2. PREDICTING IONIC ADSORPTION ON CALCITE
SURFACES USING DLM-BASED SCM

The geochemical, molecular, and thermodynamic interaction
between aqueous species and colloidal surfaces can be described
using SCM.5,14,56 Rock surfaces can behave as colloidal surface
dispersed in aqueous brine solutions.11 The PHREEQC
simulator developed by the USGS has been widely used to
simulate surface complexations for rock minerals.56,57 In recent
years, SCM has been used to describe the electrostatic
interaction between brine ions and the carbonate rock
surface.11,12,14,15,21−23,26,38,39,58−64 Brady et al.58 developed an
SCM to describe the calcite surface and investigate the potential
changes in wettability caused by different brine compositions.
They modeled the calcite surfaces as >CaOH and >CO3H
hydration sites, which protonate or deprotonate to form positive
and negative reactive species. This approach was universally
adopted in the modeling of calcite surfaces in evaluating the
electrokinetic properties.11,14,23,27 Brady et al.58 used reaction
sorption constants analogous to the geochemical databases
(Table 1) to predict the electrostatic interactions that influence
the calcite−brine interface. However, Song et al.21 developed a

DLM model using fractional charges for the hydrations sites.
They argued that the entire surface of a calcite mineral was not
exposed to electrostatic interaction with brine ions and hence
represented the hydration sites as >CaOH−0.75 and >CO3H

+0.75.
The SCM developed by Song et al. sufficiently predicted the ζ-
potential measured for the calcite−brine interface by adjusting
the sorption constants. This different representation of the
primary hydration sites could impact the electrokinetic surface
properties predicted using the SCM and hence introduce more
uncertainties in the modeling approach.
Another source of uncertainties in the SCM is the reaction

sorption constants adopted for the modeling. Table 1 shows
reactions typically used for DLM-based SCM in the literature
and the adopted sorption constants. These sorption constants
were either adopted from a geochemical database or after
matching the ζ-potential experiment data. Tetteh et al.,11 Sanaei
et al.,38 and Bordeaux-Rego et al.39 matched the measured ζ-
potential in the literature with the developed SCM by modifying
the sorption constants. As indicated in Table 1, sorption
constants used by different authors were different that could
introduce uncertainty in model fitting. Eftekhari et al.65 also
observed in their thermodynamic analysis that the commonly
used sorption constants in the literature were insufficient in
predicting the measured ζ-potential and hence new constants
were adopted.
The site surface density of calcite surfaces has also been

modified in the literature to match experimental data. Eftekhari
et al.65 varied the site density from 2 to 5 sites/nm2 to match
experimental data from Zhang et al.17 Hiorth et al.15 in matching
their experimental data used a site density for calcite of 2 site/
nm2.Mahani et al.12 employed a calcite site density of 5 site/nm2

in predicting the surface potential, which was used for wettability
predictions. However, the calcite site density of 4.95 sites/nm2 is
most commonly used in predicting electrokinetic properties of
calcite surfaces.11,21,26,27,31,34,63,66,67 Thus, it would be appro-
priate to determine the active site density of calcite surfaces
through experimental approaches to correctly match the model
prediction.
Another aspect of consideration in modeling the ionic

interactions at the COBR interface would be the effect of
temperature. The low salinity effect on rock wettability improves
at higher temperatures by triggering the increased activity of
PDIs.16,19,23,68,69 Thus, it would be very important to carefully
consider the effect of temperature in SCM. Tetteh et al.19 and
Mansi et al.70 modeled the effect of temperature on the
electrostatic interactions at the sandstone and carbonate
surfaces, respectively, using the van’t Hoff equation and
proposed reaction enthalpies. However, a limiting component
of the van’t Hoff equation is the unavailability of reliable data on
the heat of reactions and enthalpies for the surface complexation
reactions reported in the literature. Thus, in recent publications

Table 1. Sorption Reactions and Constants (log K) Used in the DLM-Based SCM at 25 °C

reaction Brady et al.58 Tetteh et al.11 Ding and Rahman34 Sanaei et al.38 Bordeaux-Rego et al.39

>CaOH + H+ ↔ >CaOH2
+ 1 11.85 11.85 11.8 11.6 11.3

>CaOH2
+ + SO4

2− ↔ >CaSO4
− + H2O 2 2.1 2.1 −2.1 2.1 1.1

>CaOH + HCO3
− ↔ >CaCO3

− + H2O 3 5.8 5.8 5.8 6.8
>CaOH2

+ + CO3
2− ↔ >CaCO3

− + H2O 4 6.0
>CO3H ↔ >CO3

− + H+ 5 −5.1 −5.1 −5.1 −4.6 −4.36
>CO3H + Ca2+ ↔ >CO3Ca

+ + H+ 6 −2.6 −4.4 −2.6 −2.76
>CO3H + Mg2+ ↔ >CO3Mg+ + H+ 7 −2.6 −4.4 −2.1 −1.6
>CO3H + Na+ ↔ >CO3HNa

+ 8 3.7
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by Khurshid and Alshalabi71 and Korrani et al.,72 a polynomial
analytical solution was implemented to define the impact of
temperature on the surface complexation reactions and their
intrinsic reaction constants at higher temperatures, which was
relevant to the reservoir system. This technique better
represented the changes in temperature and the impact of
electrostatic interactions at a higher temperature.
In previous works,11,27 SCM was developed for predicting

calcite−brine ζ-potential measured. Reactions between calcite
and brine ions used by Brady et al.14,58 were adopted in DLM-
based SCM predictions. The sorption constants used by Brady
et al.14,58 were modified to match the experimental data. The
reactions describing the association of the divalent cations
toward the calcite surface were modified to fit the experimentally
measured ζ-potential (Table 1). A calcite site density of 4.95
sites/nm2 and a specific surface area of 1 m2/g were used in the
model prediction. ζ-Potential was predicted from the calculated
surface potential by using the Debye Hückle approximation of
the Poisson−Boltzmann equation.11,56,73 Figure 2 shows the
measured and predicted ζ-potential of the calcite−brine
interface using the DLM-based SCM. Root-mean-square error
(RSME) for the model prediction was observed to be ±4.6 mV.
Thus, the DLM-based SCM provided a reasonable fit to the
experimental data, considering the experimental uncertainties
during measurement. In this work, the TLM-based SCM was

used to model the electrostatic interaction at the calcite−brine
interface and compared with the already establishedDLM-based
SCM. This approach would improve the understanding of the
electrical double layer of the calcite lattice and the effect of ionic
association on carbonate wettability. This approach would also
enhance and elaborate the importance of ionic placement in the
electrical double layer of both the oil−brine and calcite−brine
interfaces, hence, appropriately indicating the species concen-
tration on both interfaces.

3. MATERIALS AND METHOD

3.1. Brine, Crude Oil, and Rock Material Used. Brine
composition from the literature was used for the model fitting
and ζ-potential prediction. In particular, brine composition from
Ding and Rahman34 was used for ζ-potential matching and
calculation of the interaction energy at the COBR interfaces and
hence is shown in Table 2. In the brine composition listed in
Table 2, SW represents seawater brine. The different SW brines
with modified ionic composition were used to investigate the
effect of Mg2+ and SO4

2− ions on the electrostatic interactions.
For example, SW0.5Mg and SW2SO represented seawater brine
with half and twice the concentration of Mg2+ and SO4

2− ions,
respectively. In addition, brine compositions used by
Maghsoudian et al.74 and Alshakhs and Kovscek75 (Table A1)
were used in the prediction of the calcite−brine and oil−brine

Figure 2. ζ-Potential matching using DLM developed by Tetteh et al.11 The model was used to predict ζ-potential measured by Tetteh et al. (A),11

Ding et al.,34 and Tetteh et al. (B).27 Data adapted with permission.

Table 2. Brine Composition Used for SCM and Disjoining Pressure Calculationa

ions, ppm SW SW2SO SW4SO SW0.25Mg SW0.5Mg

Ca2+ 650 650 650 650 650
Mg2+ 2110 2110 2110 528 1055
Na+ 18 300 20 356 24 467 18 300 18 300
Cl− 32 399 32 399 32 399 27 717 29 278
SO4

2− 4290 8580 17160 4290 4290
IS, mol/L 1.118 1.194 1.358 0.933 0.993
total concentration of cations (mol/L) 1.0021 1.0915 1.2703 0.8719 0.9153
total concentration of anions (mol/L) 1.0032 1.0925 1.2711 0.8711 0.9151
charge balance (mol/L) −0.0011 −0.0010 −0.0008 0.0008 0.0001

aAdapted with permission from Ding and Rahman, Energy and Fuel, 2018,34 Copyright 2018, American Chemical Society.
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interfaces, respectively. Readers are referred to those manu-
scripts for brine composition. Crude oil compositions from
Alshakhs and Kovscek75 and Tetteh et al.11 were used for the
model predictions for the oil−brine interface. Rock composition
with high calcite content was used for the modeling. Ding and
Rahman measured ζ-potential using Iceland spar with 98%
calcite composition and was adopted in this paper. Due to the
high calcite composition, the TLM-based SCMwas considered a
pure calcite surface.
3.2. TLM-Based SCM Development. Table 3 shows the

detailed description of the TLM-based SCM. The TLM-based
SCM was assembled using the charge distribution-multisite
complexation model (CD-MUSIC), which is built into the
PHREEQC software. In developing an SCM for a CORB
interface, the rock surface was assumed to be interacting with
aqueous solution, in this case, MCB to form a rock−brine
interface. We assumed the oil molecule to interact with the
aqueous phase whereby the oil molecules served as a smooth
colloidal particle. This interaction also formed the oil−brine
interface. The electrostatic interaction at the rock−brine
interface was assembled using a pure and smooth calcite surface
by assuming >CaOH and >CO3H as the primary hydration
sites.11,14,19,27,76 For the oil−brine interface, −COOH and
−NH were assumed as the hydration sites, representing the
carboxylic and amine groups, respectively, of a crude oil
molecule.11,27,30,58,77 The charge distribution (Table 3), which
indicated the placement of ions on different planes, was modeled
similar to the approach by Ding and co-workers34,78 and
Heberling et al.,31,32 for the calcite−brine interface, and Takeya
et al.30 for the oil−brine interface.ΔZi value for each plane in the
TLM was used to represent the transfer and sharing of net
charge from one plane to the next based on the understanding of
ionic placement in the calcite−brine and oil−brine planes. The
protonation and deprotonation of the hydrations sites were
assumed to occur at the hydrolysis layer,79 which corresponded
to the 0-plane or the inner plane, hence the net charge values
assigned to ΔZ0. Ca

2+ and Mg2+ ions, which are known to
strongly interact at the COBR interface, were assumed at the
inner layer, with a net charge transfer to the outer layer (1-plane
or ΔZ1). The values used for the ΔZi in Table 3 were sourced
from the work by Hao et al.,80 which were based on the
understanding of the calcite−brine lattice.30,67,79−82 The
calcite−brine interface was equilibrated with calcite mineral
and atmospheric CO2, i.e., partial pressure of 10−3.4 atm.
However, the oil−brine interface was only equilibrated with
atmospheric CO2. The final pH value of the dispersion solution

was adjusted by adding different moles of HCl/NaOH, similar
to the approach used in the literature.11,12,27

In the TLM-based SCM, the surface charge density in the
diffused layer (σDL) is computed from the Guoy−Chapman
equation as56

σ
ψ

= − I
F
RT

0.1174 sinh
2DL

0.5 2i
k
jjjj

y
{
zzzz (1)

where F is Faraday’s constant,R is the universal gas constant, and
T is the absolute temperature.
The sum product of the species concentration (ms) and

charge of the surface complexes (vsi) based on protonation and
deprotonation reactions between the colloidal surfaces (rock or
oil molecule) and the aqueous species would result in the charge
density at the diffused layer12 (eq 2).

∑σ = F
AS

m vDL s si (2)

whereA is the specific surface area (m2/g) of the particle; S is the
solid concentration (g/L); andms is the concentration of surface
species (mol/m2).12 Surface species concentrations were
calculated from mass action equations based on a series of
presumed surface reactions and their equilibrium constants, as
presented in Table 3.
The capacitance values were used to determine the potential

at each plane based on a linear relationship with charge density,
as indicated below.34

σ ψ ψ= −C ( )0 1 o 1 (3)

σ σ ψ ψ+ = −C ( )0 1 2 1 2 (4)

where σi and ψi represent the charge density (C/m2) and the
potential (mV), respectively, at plane i. The potential at the 0-
plane (ψo) and 2-plane (ψ2) corresponds to the surface potential
and the ζ-potential based on the similar assumption by Takeya
et al.30,67,77 For the calcite−brine interface, C1 and C2 were
assumed to be 1.3 and 4.5 F/m2, respectively.63,83 C1 and C2 of
3.1 and 2.25 F/m2, respectively, were assumed for the oil−brine
interface similar to the approach adopted by Takeya et al.30

Vinogradov et al.84 developed a relationship that showed the
dependence of the capacitance value to the ionic strength of the
brine used. In this work, since the ionic strengths of the brines
used were in the range of seawater (∼1.1 M), it was justifiable to
use a constant capacitance for the calculations. More details on
the relevant equations in the TLM model can be found in the
literature.34,78,85 The DLM presented in this work had been

Table 3. Sorption Reaction, Constants (log K), and Charge Distribution Used for the TLM-Based SCM at 25 °Ca

reaction ΔZo* ΔZ1* ΔZ2* Log(K)

calcite−brine interface67,80,86,87 (
site density = 4.95 sites/nm2,11,21,26,34 specific surface area = 1 m2/g11,34)

>CaOH + H+ ↔>CaOH2
+ 1 0 0 11.85

>CaOH2
+ + SO4

2− ↔>CaSO4
− + H2O 0 −2 0 2.1

>CaOH + HCO3
− ↔>CaCO3

− + H2O 0 −2 0 5.8
>CO3H ↔ >CO3

− + H+ −1 0 0 −5.1
>CO3H + Ca2+ ↔>CO3Ca

+ + H+ −1 2 0 −4.4
>CO3H + Mg2+ ↔>CO3Mg+ + H+ −1 2 0 −4.4

oil−brine interface14,19,30,77 (specific surface area = 1 m2/g,11,26 refer to11,26,62 for
equation used for site density calculation)

−NH+ ↔ −N + H+ −1 0 0 −5.5

−COOH ↔ −COO- + H+ −1 0 0 −4.6
−COOH + Ca2+ ↔ −COOCa+ + H+ −1 2 0 −3.6
−COOH + Mg2+ ↔ −COOMg+ + H+ −1 2 0 −3.4

a*The ΔZi values used in this work were based on the work by Hao et al.80
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shown in our previous publications with all of the relevant
reactions and equations.11,19,27

3.3. Interaction Energy at the COBR Interface: DLVO
Theory. The thermodynamic stability of the water film
separating the crude oil molecules from the rock surface can
be described by using the Derjagiun, Landau, Verwey, and
Overbeek (DLVO) theory and hence was used in this
work.5,88−91 To determine the wetting state of a rock surface
in the presence of water, the oil−brine interface was assumed to
interact with the rock−brine interface resulting in an interaction
energy at the COBR interface. Thus, to wet the rock surface with
oil in the presence of a thin water film, the interaction energy
must be overcome, causing the oil molecule to interact with the
rock surface, resulting in oil wetness. As described in the
literature,73,88,92 the interaction force between two colloidal
surfaces (assuming rock and oil colloidal surfaces) and separated
by a wetting film (assuming brine) at a distance “h” is related to
the free energy (W) per unit area. The summation of the van der
Waals (vdW), electrical double layer (EDL), and the structural
(S) free energies made up the total interaction energy, as shown
below73,88,92

= + +W h W h W h W h( ) ( ) ( ) ( )vdW EDL s (5)

Disjoining pressure at the COBR interface could be derived
from the derivative of the total interaction energy per unit area
with respect to the water film thickness (h) in a direction normal
to both interacting colloidal bodies.88

The vdW force, which is attractive and dominates the
interaction forces closer to the surface, was calculated for a
plate−plate geometry using the Lifshiftz theory, as shown
below88,93

π
=W h

A
h

( )
12vdW 2 (6)

where “A” is the Hamaker constant.93 The EDL interaction free
energy was calculated by assuming a constant potential−
constant potential (CP−CP) boundary condition for solving the
Poisson−Boltzmann equation.88 This boundary condition
provided an appropriate approximation of the analytical solution
for the COBR interface.88,89 Thus, the EDL interaction energy
was calculated using eq 7 below88,92

εε ζζ ζ ζ
=

[ − + ]−
W h

k
kh

( )
2 ( )e

2sinh( )

kh

EDL
w 1 2 1

2
2
2 ( )

(7)

where ζ1 and ζ2 are the ζ-potential of the calcite−brine and
crude oil−brine interfaces, respectively, εw is the relative
permittivity of water, ε is the absolute permittivity of the
vacuum, 8.854 × 10−12 F/m,9494 and k is the inverse of Debye
length at the calcite/oil−brine interfaces. The Hamaker
constant of 2.45 × 10−21 J was used for calculating the vdW
forces based on relative permittivity values and Lifshiftz
theory.89,94 The structural interaction energy was ignored in
the calculation similar to the approach by Mahani et al.88 The
structural forces were neglected because they were assumed to
be sensitive at a very small separating distance from the colloidal
surface.59,75 A negative total interaction energy indicated a
negative total disjoining pressure and hence corresponded to an
attraction between the oil−brine and rock−brine interfaces.
This would result in an oil-wet state on the calcite surface.
However, a positive total interaction energy indicated a repulsive
disjoining force between the oil−brine and rock−brine
interfaces, corresponding to water wetness at the calcite surface.

4. RESULTS AND DISCUSSION

4.1. Effect of Mg2+ and SO4
2− on the Calcite−Brine

Interface Using SCM. Figure 3 shows the ζ-potential
prediction of the experimental data by Ding and Rahman.34

The TLM in this work was compared to DLM previously
developed in other publications11,19,27 to show the fit to the
experimental calcite−brine ζ-potential. Both TLM and DLM
closely predicted the trends andmagnitude of measured calcite−
brine ζ-potential with respect to increasing Mg2+ and SO4

2−

concentrations in seawater-like brines. It could be observed that
the increasing Mg2+ and SO4

2− concentrations increased and
decreased the predicted calcite−brine ζ-potential, respectively.
Similar observations were shown in the calcite−brine ζ-potential
predictions for Maghsoudian et al.,74 as shown in Figure 4. Both
TLM- and DLM-based SCMs predicted ζ-potential trends for
Maghsoudian et al.74 but could not capture the magnitude of the
Mg2+ adsorption on the calcite−brine interface. Nevertheless,
the Mg2+ ion was observed to make the calcite−brine interface
more positive, while the SO4

2− ion made the calcite−brine
interface more negative.
The speciation concentrations at the calcite−brine interface

were investigated using the TLM-based SCM to shed more light
on the ionic adsorption at the calcite surface (Figure 5). The
increased adsorption of both Mg2+ and SO4

2− ions (>CO3 Mg+

and >CaSO4
− species, respectively) at the calcite surface

Figure 3. Prediction of calcite−brine ζ-potential using both SCMs. (A) SW, SW0.5Mg, and SW0.25Mg brines were used for the species calculations to
represent the variations in Mg2+ ion concentrations. (B) SW, SW2SO, and SW4SO brines were used for the species calculations to represent the
variations in SO4

2− ion concentrations. Solution pH was fixed at 8 for all calculations. Data adapted with permission from Ding and Rahman.34
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resulted in the reduction of the concentration of the dominant
species (>CaOH2

+ and CO3
− species). These observations in

this work were similar to the work by Brady et al.14 and Mahani
et al.,12 whereby SO4

2− ion adsorption was observed to reduce
the concentration of the >CaOH2

+ and hence making the calcite
surface less oil-wet. As the concentration ofMg2+ and SO4

2− ions
increased in the aqueous phase, their interaction with the calcite
surface resulted in consumption of the primary hydration sites
(>CaOH and >CO3H) through their adsorption reactions. This
caused a decrease in the concentration of the primary hydration
sites and hence drove down the concentration of >CaOH2

+ and
>CO3

− species. The adsorption of Mg2+ on the calcite surface
would promote the reactivity of SO4

2− with the calcite surface
(and vice-versa) to maintain the thermodynamic stability of the
double layer, hence >CO3 Mg+ and >CaSO4

− species increased
in Figure 5.
At higher concentrations of SO4

2− ions, the concentration of
>CO3

− was observed to be higher than that of CaOH2
+ (Figure

5B). Also, the concentration of >CaSO4
− was observed to be

higher than that of CO3 Mg+ with increasing SO4
2−

concentration. Both these observations would increase the
difference between negative and positive species concentrations,
shifting the total surface concentration toward negative and
hence explained the observation of a decrease in ζ-potential with
the increasing SO4

2− ion concentration (Figure 3B). On the
other hand, the increasing Mg2+ concentration decreased the
difference between the negative and positive species concen-
trations, hence making the calcite surface more positive, as
indicated in (Figure 3A)

4.2. Predicting ζ-Potential at the Oil−Brine Interface
Using TLM-Based SCM. ζ-Potential for the oil−brine interface
measured by Alshakhs and Kovscek75 was predicted using the
reactions and equilibrium sorption constants in Table 3. The
crude oil had a total acid number (TAN) and total base number
(TBN) of 1.15 and 1.25 mg KOH/g, respectively. The site
densities for the amine (−N) and the carboxylic (−COOH)
groups were calculated to be 12.34 and 13.41 site/nm2 based on
calculations using the TAN and the TBN, respectively.11,26,62

The brine compositions used for the calculations could be found
in Alshakhs and Kovscek.75 Figure 6 shows that the TLM-based
SCM captured the ζ-potential trends and closely matched the
magnitude of the measured ζ-potential. Takeya et al.30,77

assembled a TLM-based SCM to match the measured ζ-
potential of the oil−brine interface. They considered the
carboxylic acid as the dominant and only primary hydration
site at the oil−brine interface since the carboxylic acid strongly
correlated to the electrokinetic at the oil−brine interface.
However, in this work, the amine and carboxylic groups were
modeled as a hydration site and hence resulted in a good match
to the experimentally measured oil−brine ζ-potential. Other
works have incorporated the amine groups in modeling the
electrokinetics at the oil−brine interface; however, the DLM-
based SCM approach was employed.11,19,23,26,35,39,58,62,83,95

Oil−brine ζ-potential was predicted using the brine
composition from Ding and Rahman.34 The brine composition
used herein was the same as that used in Figure 3 to analyze the
effect of Mg2+ and SO4

2− at the calcite−brine interface. The
crude oil composition used was similar to that used by Tetteh et
al.11 with TAN and TBN of 0.17 and 0.11 mg KOH/g. Thus, the
oil−brine site densities were calculated to be 1.82 and 1.18 sites/
nm2. It was observed from the oil−brine ζ-potential predictions

Figure 4. Prediction of calcite−brine ζ-potential measured by
Maghsoudian et al.74 using both SCMs. Data adapted with permission
from Maghsoudian et al.74

Figure 5. Predicting species concentration at the calcite−brine interface with respect to Mg2+ and SO4
2− concentrations using the TLM-based SCM.

(A) SW, SW0.5Mg, and SW0.25Mg brines were used for the species calculations to represent the variations in Mg2+ ion concentrations. (B) SW,
SW2SO, and SW4SO brines were used for the species calculations to represent the variations in SO4

2− ion concentrations. Brine composition from
Ding and Rahman.34
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that increasing Mg2+ concentration increased the ζ-potential,
shifting the polarity toward positive (Figure 7). This could be
attributed to the increased −COOMg+ species at the oil−brine
interface due to the increased Mg2+ concentration in the brine.
However, the increasing SO4

2− concentration slightly decreased
the ζ-potential of the oil−brine interface, making the interface
more negative. SO4

2− was assumed to be nonreactive at the oil−
brine interface and hence was not included in the sorption
reaction. Thus, the formation of aqueous species associated with
the SO4

2− ions would reduce the positive ionic association at the
oil−brine interface, making the oil−brine interface slightly more
negative. This effect would impact the ζ-potential at the oil−
brine interface only slightly(Table A1).
4.3. Thermodynamic Stability of the COBR Interface.

The wettability state in a rock porous media is known to be
influenced by the thermodynamic stability of the COBR
interface.5,43,75,96 Carbonate rock wettability is a factor of the
direct and indirect adsorption of crude oil molecules onto the

carbonate surface.14 Direct crude oil adsorption on the
carbonate surface could be attributed to the collapse of the
water film known to be formed on the rock surface before oil
migration. Thus, the crude oil molecules would have direct
electrostatic interaction with the rock surface, which would
result in a strongly oil-wet surface. On the other hand, the
thermodynamic stability of the water film between the crude oil
and rock surface would influence the indirect adsorption of the
crude oil molecules toward the rock surface and hence impact
carbonate rock wettability. The stability of the water film and the
prediction of the wettability state on a rock surface have been
previously evaluated in the literature using the bond product
sum,11,14,19,23,27 wetting film stability number,72 the available
adsorption sites,63 and total disjoining pressure calculations.35,67

In this section, the total interaction energy (or potential), which
is directly related to the total disjoining pressure, was used to
evaluate the impact of Mg2+ and SO4

2− ions on the stability of
the water film, impacting carbonate wettability. Calcite−brine ζ-

Figure 6. TLM prediction of oil−brine ζ-potential. Data adapted with permission from Alshakhs and Kovscek.75

Figure 7. TLM prediction of oil−brine ζ-potential using brine composition by Ding and Rahman.34 Crude oil used had a TAN and TBN of 0.17 and
0.11 mg KOH/g taken from Tetteh et al.11
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potential in Figure 3 and oil−brine ζ-potential in Figure 7 were
used for calculating the total interaction energy. The brine
composition from Ding and Rahman34 displayed in Table 2 was

used. In general, the DLM-based SCM predicted a higher
interaction potential when compared with TLM-based SCM.
This could be attributed to the difference in the prediction of the

Table A1. Brine Composition fromMaghsoudian et al.74 and Alshakhs and Kovscek75 Used for the SCM and Interaction Energy
Calculationa

ions, ppm SW SW2S SW4S SW0Mg SW4Mg 100dSW 100dMgSO4

Ca2+ 460 460 460 460 460 0 0
Mg2+ 1530 1530 1530 0 6120 21 35
Na+ 12 290 12 205 11 544 14 893 5464 172 102
Cl− 22 652 19 527 13 768 21 579 24 888 310 225
SO4

2− 3210 6420 12840 3210 3210 43 89
K+ 280 280 280 280 280 0 0
HCO− 122 150 150 150 150 0 0
TDS, ppm 40 572 40 572 40 572 40 572 40 572 546 451
IS, mol/L 1.291 1.233 1.108 1.311 1.246 0.0107 0.01008
total concentration of cations (mol/L) 0.6906 0.6869 0.6582 0.6779 0.7714 0.0092 0.0073
total concentration of anions (mol/L) 0.7058 0.6845 0.6557 0.6755 0.7689 0.0096 0.0082
charge balance (mol/L) −0.0152 0.0024 0.0025 0.0024 0.0025 −0.0004 −0.0009

aIS and TDS represent the brine ionic strength and total dissolved solids, respectively. Data was adopted with permission from Maghsoudian et al.
Journal of Molecular Liquid 2020,74 Copyright 2020, Elsevier and Alshakhs and Kovscek,75 Advances in Colloid and Interface Science, 2016,
Copyright 2016, Elsevier.

Figure 8. Effect of Mg2+ and SO4
2− ions on the interaction potential (energy) at the crude oil−brine interface, impacting carbonate wettability.

Figure 9. (A) Relationship between total interaction potential (energy) and absolute ζ-potential sum (with the same polarity) at oil−brine and rock−
brine interfaces. (B) Relationship between total interaction potential (energy), Mg2+ and SO4

2− concentrations in the seawater brine. Total interaction
potential (energy) values at 0.25 nm water film thickness as used.
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rock−brine ζ-potential when using different models (Figure 3).
However, the differences in the calculated interaction potential
using both models were negligible, and the observed trends were
the same. Nevertheless, it is important to choose the appropriate
SCM in predicting the electrostatic interactions at the COBR
interface. By observing the trends in the interaction potential
calculations, increasing the SO4

2− concentration and decreasing
the Mg2+ concentration increased the repulsive interaction
energy at the COBR interface (Figure 8). However, theMg2+ ion
had a greater impact on influencing the interaction energy at the
COBR interface. Low Mg2+ concentration (SW0.25Mg, 528
ppm) resulted in the greatest repulsive interaction potential
(∼260 eV) at the COBR interface. This could be attributed to
the reactivity of the oil−brine and calcite−brine interfaces to the
Mg2+ ion. Reducing Mg2+ ion concentration shifted the ζ-
potential toward more negative at both interfaces, hence
resulting in the expansion of the double layers at both oil−
brine and calcite−brine interfaces, which would alter rock
wettability toward water wetness. However, increasing SO4

2−

concentration had a greater impact on the calcite−brine
interface than the oil−brine interface, affecting the changes in
the interaction energy.
To further validate the impact of the predicted ζ-potential on

the total interaction potential calculations, the absolute sum of
the ζ-potential at both interfaces was determined (Figure 9).
Interaction potential at 0.25 nm was used because water film
thickness between oil molecules and rock surface had been
calculated using molecular dynamic simulation and measured to
be between 0.15 and 0.25 nm.97,98 It should be noted that water
film thickness is a function of brine ionic strength, brine
composition, and rock type used.90 However, in this work,
brines with very similar ionic strength (seawater ionic strength
∼1 M) were used, the rock type was purely calcite, and the oil
composition was the same. Hence, the use of 0.25 water film
thickness to assess the trends of wettability alteration may be an
adequate assumption. Figure 9 shows that the absolute sum of
predicted ζ-potential at both interfaces trended well with the
magnitude of the interaction energy required to collapse the
water film at the COBR interface. The greater the absolute sum,
the higher the interaction energy at the COBR interface. Similar
observations were made by Sari et al.,99 whereby the greater the
absolute sum of ζ-potential at both interfaces, the lower the
measured contact angle and hence a more water-wet calcite
surface. This supported the reliability of the analysis with respect
to the absolute sum of ζ-potential at both interfaces. Thus,
increasing the magnitude of the ζ-potential at both interfaces
had the potential of generating a higher repulsive force and
hence altered the carbonate surface wettability toward water-
wet. SW0.25Mg triggered a greater magnitude of ζ-potential at
both interfaces and hence generated the greatest repulsive
interaction energy at the COBR interface. However, even
though the SW4SO triggered a higher magnitude of calcite−
brine ζ-potential but slightly impacted the oil−brine ζ-potential,
the total interaction energy was lower than that of SW0.25Mg.
Based on this analysis, the order of increasing repulsive
interaction potential was SW < SW2SO < SW4SO <
SW0.5Mg < SW0.25Mg. Therefore, seawater brine with low
Mg2+ and high SO4

2− concentration would trigger high repulsive
interaction energy and hence alter carbonate rock wettability
toward water wetness. The observation herein was consistent to
contact angle measurements performed by Ding et al.100 using
the same brine composition. Ding et al.100 observed that a
decrease in Mg2+ concentration impacted the wettability

alteration process that an increase in SO4
2− concentration.

SW0.25Mg resulted in the contact angle of 85.3° as compared to
the SW4S measuring contact angle of 98.6°. However, both
modified composition brines measured a low contact angle as
compared to SW brine (118°). It should however be noted that
mineral oil instead of crude oil was used for the contact angle
measurement.100 The adsorption of ions toward the oil−brine
interface when using mineral oil remains unknown and hence
was not modeled using the TLM-based SCM. Nevertheless, the
trends of the effect of Mg2+ and SO4

2− ions on carbonate
wettability in the work by Ding et al.100 were consistent with the
total interaction potential calculated herein. It should be noted
that both Mg2+ and SO42− ions have the potential to form scales
and damage the reservoir formation.5,101−103 However, Figure 9
indicates that the MCB with the lowest Mg2+ and SO4

2− ions
(SW0.25Mg brine) has the potential to result in the greatest
wettability alteration and hence the improved oil recovery. It is
thus important that scaling potential geochemical analysis be
performed for all MCB, together with SCM and DLVO theory
calculations to fully assess the potential of MCB for field
applications.
It is noteworthy to state that the TLM assembled against

experimental data in this work had some limitations. The
simplified DLM provided a slightly better match to the
experimental data at the ionic strength used for this work.
This indicated that further experimental research is required to
identify the locations of the brine ions in the planes and the
experimentally determined capacitance between planes. Fur-
thermore, the reaction sorption constants may be different in the
TLM based on the proximity of the ionic association with the
colloidal surface, hence there is a need for further electrokinetic
measurements. Thus, it should be noted that for simple low
salinity brines (below∼ 1M) the use of the much simpler DLM
could provide a quicker and more accurate approximation of the
electrostatic interactions at the COBR interface. This work did
not investigate the effect of increasing Ca2+ on carbonate
wettability. However, Ca2+ has been investigated over the years
as a very active PDI on the carbonate surface, greatly impacting
surface wettability.5,13,104 The modeling of the effect of Ca2+ on
carbonate wettability should be coupled with the effect of calcite
dissolution, rendering the process complicated. In most
experimentally measured ζ-potential, the procedure used
could result in different measures of calcite dissolution, which
would greatly impact the magnitude of the ζ-potential. Thus, the
most suitable way of modeling the effect of Ca2+ would be by
comparing the measured dissolved Ca2+ after dispersion with
that predicted by the geochemical model and also matched with
the ζ-potential. This research effort is currently being under-
taken for future publications. The effect of higher ionic strength
(above 2 M) on the assembled TLM also needs further
investigation. Initial modeling efforts by Vinogradov et al.84 have
all shown the added advantage of using the TLM for modeling
the electrokinetic interactions of a high ionic strength brine
solution. It should be noted that this TLM assembled herein
against experimental data in the literature serves as a first step in
the development of a more rigorous electrostatic model.
Therefore, more experimental results are required to adequately
model the effect of high ionic strength and PDIs on both the oil−
brine and calcite−brine interfaces.

5. CONCLUSIONS
In this work, the electrokinetic properties of the calcite−brine
and the oil−brine interface were predicted using the TLM. At
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the calcite−brine interface, the TLM was assembled against
experimentally measured ζ-potential in the literature and
compared to previously developed DLM. A summary of
predicted ζ-potential from the DLM-based SCM model was
also provided. For the oil−brine interface, the TLM was
assembled against measured ζ-potential from Alshakhs and
Kovscek.75 The impact of Mg2+ and SO4

2− ions toward the
electrostatic at the COBR interface was evaluated using the
developed TLM at both calcite−brine and oil−brine interfaces.
The TLM predicted the trends and closely matched the
magnitude of the measured ζ-potential values. However, it
should be noted that DLM is sufficient and in some cases better
at predicting the ζ-potential of rock−brine and oil−brine
interfaces at the ionic strength used. This was because the DLM
provides fewer parameters to be tuned and hence a less complex
colloidal system. The DLM would be enough to capture the
electrostatic interaction and reduce the modeling uncertainty. It
was observed that the decreasing Mg2+ and increasing SO4

2−

concentrations decreased the ζ-potential at the calcite−brine
interface, shifting the polarity toward more negative. This
observation was related to the effect of Mg2+ and SO4

2− ion
association at the calcite−brine interface. The increased
adsorption of SO4

2− was accompanied by a decreased
>CaOH2

+ and >CO3
− species at the surface. At high SO4

2−

concentrations, the negative species (>CO3
− and >CaSO4

−)
dominated the positive species (>CaOH2

+ and >CO3 Mg+) and
hence made the calcite−brine interface more negative. At the
oil−brine interface, the Mg2+ ion influenced the oil−brine
interfaces, making the interface more negative with decreasing
concentration. However, SO4

2− had a lesser impact at the oil−
brine interface, slightly making the interface more negative with
increasing concentration, due to its nonreactive nature at the
oil−brine interface.
The predicted ζ-potential at both interfaces was used to

calculate the total interaction potential according to the DLVO
theory. A greater repulsive interaction potential was obtained for
low Mg2+ and high SO4

2− concentrations, which could result in
altering carbonate wettability toward water wetness. The
absolute sum of the ζ-potential at both interfaces was observed
to be logarithmically correlated to the total interaction potential
at 0.25 separating distance. Thus, an increase in the absolute sum
of ζ-potential at both interfaces generated a greater repulsive
interaction energy, which may trigger a water-wet surface and
hence could be used as a screening parameter for field
applications. The applicability of this screening parameter
should be validated against contact angle measurements to
confirm the wettability alteration since the predicted ζ-potential
was low using theMCB. It may be noted that more experimental
and modeling data would be required to propose the specific
Mg2+ and SO4

2− ion concentrations to trigger wettability
alteration, which would make this approach applicable to field
situations.
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