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Abstract 23 
Carbonates are characterized by low oil recovery due to their positive surface charge and consequent high affinity to 24 
negatively charged crude oil, rendering them to a state of mixed-to-oil wettability. In order to understand the 25 
rock/brine/oil interactions and their effect on potential-determining-ions (PDIs) adsorption/desorption during 26 
engineered water injection is needed for realistic and representative estimations of oil recovery. Therefore, this study 27 
reveals a novel approach to capture various interactions and better predict the effect of PDIs adsorption/desorption 28 
as well as concentrations of various ionic species in the effluent using Phreeqc. In this work, we determined 29 
adsorption/desorption of PDIs for the first time using surface complexation reactions and then we validated our results 30 
with experimental data from the literature. Our results showed that the presence of PDIs and their respective 31 
adsorption/desorption results in surface charge decrease and increase in pH. Also, this study found that ionic 32 
adsorption depends on ionic strength and species activity where calcium adsorption remained constant while 33 
magnesium and sulfate adsorptions varied with ionic strength. Moreover, magnesium ion was found to be the most 34 
sensitive ionic species to temperature as opposed to calcium and sulfate ions. In addition, sulfate spiking and dilution 35 
decrease the sulfate adsorption since the sulfate starts reacting with magnesium and forming complexes. Additionally, 36 
deionized water resulted in the highest charge decrease and pH increase with related incremental oil recovery. The 37 
adsorption/desorption of ions is case-dependent and thus, the findings cannot be generalized. 38 

 39 
 40 

Keywords: Surface Complexation; Potential Determining Ions; Adsorption/Desorption; Carbonates; Low 41 
Salinity/Engineered water Injection 42 

 43 
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1. Introduction and Background 45 

Carbonate reservoirs hold a significant portion of the global hydrocarbon (oil and gas), which is estimated about 50-46 
60% of crude oil and 40-50% of gas reserves. Nevertheless, the recovery factor (RF) from carbonates is lower than 47 
35% [1]. This low RF from carbonate reservoirs is due to reservoir heterogeneity, complex structures, low 48 
permeability, and mixed-to-oil wet condition [2]. Thus, during conventional recovery (primary and secondary) from 49 
carbonates, the yield is less than 35% of the original oil in place [3-4]. This leaves a significant volume of oil remains 50 
trapped and unswept in these reservoirs. Therefore, the implementation of enhanced oil recovery (EOR) techniques 51 
can boost oil recovery for carbonate reservoirs. In the last couple of decades, ample research has been conducted in 52 
the field of changing carbonate wettability toward a hydrophilic (water-wetting) state and hence, improving the 53 
recovery of oil. This is because the RF is dependent on formation wettability and if the oil-wet conditions prevail, the 54 
recovery of oil remains at the lowest level [5-6]. Usually, carbonates are found to be intermediate to fully oil-wet, 55 
which is related to their positively charged surface and the adsorbed negatively charged acidic groups present in the 56 
crude oil.  57 

Low salinity/engineered water injection (LSWI/EWI) is one of the potential techniques that has been proved 58 
to enhance oil recovery by several researchers through their laboratory and numerical works [7-19]. LSWI refers 59 
mostly to water dilution while EWI refers to ion-modification of injected water including hardening and softening of 60 
particular ions [2]. The results showed that the modification of wettability is the foremost factor behind additional oil 61 
recovery, particularly in carbonates [13]. Moreover, the process of wettability alteration is a complex phenomenon 62 
and it is controlled by several mechanisms such as the release and transport of clay particles [7], dissolution of calcite 63 
[12], dissolution of anhydrite [14], rock surface charge modification [9-10], pH increase [2], electro-kinetics at rock-64 
brine-oil interfaces [17], micro-dispersion formation [16] and stability of the wetting film [18]. It is observed that 65 
during EWI, one of these mechanisms or their combination disturbs the reservoir equilibrium and causes the 66 
substitution/adsorption of some potential determining ions (PDIs) including Ca2+, Mg2+, and SO4

2-, and hence, 67 
wettability alteration occurs.  68 

 69 
It is worth mentioning that in laboratory-based static and dynamic experiments, pure minerals are used to 70 

determine the adsorption of PDIs (Ca2+, Mg2+, and SO4
2-), and the adsorption behavior of these PDIs on carbonates 71 

surfaces is seldom the same due to the heterogeneity in carbonate mineralogy and reservoir conditions. This effect 72 
becomes more significant in the presence of trace minerals such as anhydrite, clay, ankerite, magnesite, and metal 73 
oxides [20-21]. Moreover, carbonate surface charges and dissolution behaviors differ based on the respective 74 
carbonate mineralogy. The point of zero charges for metal oxides present in carbonates is usually higher than calcite 75 
[22]. Thus, at certain pH, the metal oxides and carbonate surfaces would have an opposite sign [23]. Consequently, 76 
the overall surface potential will vary spatially in carbonates [24] and the determined zeta potential of carbonate can’t 77 
be the perfect mechanism to describe charge-dependent adsorption and dynamics [25].  78 

 79 
Furthermore, when the injected low salinity water contacts the rock surface, its composition would differ 80 

from the injected one due to formation dissolution. Generally, the adsorption of divalent anions decreases with the 81 
reservoir pH [26] and increases slightly with ionic strength and divalent ions concentration. Moreover, Southwick et 82 
al. [27] mentioned that with the change in water chemistry, the adsorption of different ions on metal oxide sites over 83 
the edges of platelets-clay present in carbonates can change unevenly in magnitude and dynamics. In fact, after 84 
performing experiments on oxidized rock outcrops containing a substantial amount of montmorillonite clay and iron, 85 
Levitt and Bourrel [28] observed that the adsorption could be reduced by rinsing the surface with sodium chloride. 86 
They also observed that the exchange of divalent cations results in lowering the surface charge and the related 87 
adsorption. 88 

 89 
Therefore, the adsorption dynamics of Ca2+, Mg2+, and SO4

2- during EWI needs further investigation at 90 
various salinities. Additionally, the adsorption of PDIs depends on rock surface chemistry, water composition, 91 
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chemical characteristics, and different functional groups found in the reservoir. However, for carbonate rocks because 92 
of heterogeneity in their mineralogy and surface chemistry, the prediction of the extent and dynamics of potential 93 
determining ions adsorption is even more challenging. Considering these aspects, this work aims at interpreting 94 
different processes that control ion adsorption such as the structure of the adsorbed layer (monodentate or 95 
multidentate), mechanisms of adsorption, and kinetics adsorption for different ions that control the oil recovery during 96 
LSWI/EWI. The objective of this research is to determine the adsorption dynamics of different potential determining 97 
ions during EWI. We developed a geochemical-based numerical model to explore the interactions between carbonate 98 
surface and injected engineered water. The coreflooding data performed by Shehata et al. [29] was used for validation 99 
where they used Indiana limestone in their coreflooding experiments. We performed several simulation runs for their 100 
experiments to determine the adsorption behavior of PDIs for the first time, to investigate the effect of different 101 
injected water compositions. We characterized the various properties of Indiana limestone, its bulk, and surface 102 
mineralogical compositions along with the initial and evolved composition of injected water. We used surface 103 
complexation modeling in PHREEQC [30] to estimate the carbonate dissolution kinetics to trace the change in injected 104 
water composition. The surface complexation calculations were performed by implementing the diffuse layer model. 105 
This approach helped in predicting the surface speciation with the change in reservoir fluid compositions. In Indiana 106 
limestone, the two major surfaces are calcite and trace minerals such as oxide sites on the edges of minerals that differ 107 
in their magnitude of surface charge, point of zero charges values, surface chemistry, and specific area. Thus, based 108 
on our novel investigation a set of surface complexation reactions are defined for the adsorption of PDIs on mineral 109 
surfaces/surface groups through monodentate and weak complexation. Besides, the effect of four influential 110 
parameters on PDIs adsorption is investigated including ionic strength, reservoir temperature, sulfate spiking, and 111 
sulfate dilution. This study provides new insights into understanding the adsorption of different PDIs in carbonates 112 
and their related effect on oil recovery during EWI. The adsorption/desorption of ions is case-dependent and thus, the 113 
findings cannot be generalized. 114 

 115 

2. Model Description and Development 116 

2.1 Adsorption/ desorption Geochemical/Numerical Model  117 
The presence of crude oil and connate water in carbonates is controlled by rock wettability and the latter is affected 118 
by many factors. The important factors such as crude oil composition and salinity of injected water on reservoir 119 
wettability have been mainly investigated [31-32]. The experimental outcome of their results showed that the 120 
carbonate wettability changes with the variation in the salinity of the injected water. During the injection of LSW, the 121 
ionically tuned water changes the force distribution at the micro-level at the rock surface interface where the adsorption 122 
of ions to the rock surface depends on the surface potential. This potential at the surface is controlled by the surface 123 
charge, and the latter is defined by the adsorbed species. Therefore, adsorption of ionic species modifies the oil-water 124 
characteristics at the interface and alters the rock to a more water-wetting state as shown in Fig. 1. Thus, the trapped 125 
oil would release from the reservoir surface in a free flow fluid state, as soon as the negatively charged divalent ion 126 
adsorbs on the positively charged carbonate surface. This phenomenon is characterized by the disjoining pressure to 127 
capture the related effect on oil recovery. This disjoining pressure is represented by 𝛱𝑡 and it depicts the magnitude 128 
of water film stability [33-34], which should satisfy the following equation: 129 

𝛱𝑡(ℎ) = 𝛱𝑠(ℎ) + 𝛱𝑉𝑑𝑤(ℎ) + 𝛱𝐸𝐷𝐿(ℎ) ,               (1) 130 
where 𝛱𝑠 is the repulsive structure force,  𝛱𝐸𝐷𝐿is the double-layer repulsive force, and  𝛱𝑉𝑑𝑤  is the van der Waals 131 
forces. The detailed equations are as follows: 132 

𝛱𝑠(ℎ) = 𝐴𝑠𝑒𝑥𝑝 (−
ℎ

ℎ𝑜
) ,                         (2) 133 

𝛱𝐸𝐷𝐿 (ℎ) = 𝑛𝑏𝑘𝑇
(2𝜓𝑟1𝜓𝑟2 cosh(𝜅ℎ)−𝜓𝑟1

2 −𝜓𝑟2
2 )

(sinh(𝜅ℎ))2  ,                                          (3) 134 

𝛱𝑉𝑑𝑊 (ℎ) = −
𝐴(15.96

ℎ

𝜆
+2)

12𝜋ℎ3(1+5.32
ℎ

𝜆
)

2 ,                (4) 135 

where h is the distance of separation between the two surfaces (oil-brine and rock-brine), ho is the length of decay 136 



Journal of Energy Resources Technology, 145 (2), 023004 

 

4 
 

(0.05 nm), λ is the length (attenuation), nb is the ion density, k is Boltzmann’s constant and its value is 1.38 × 10-23 137 
J/K, T is the temperature (Kelvin), As is a coefficient (1.5× 107 kPa),  ψr1 and ψr2 are the reduced potentials, A is the 138 
Hamaker constant, and κ is reciprocal length (Deby-Huckel). 139 

 140 
The bulk mineralogical composition of carbonate reservoir rock is used to model rock dissolution kinetics 141 

and thus, the general expression for the specific dissolution rate is given by [30]: 142 

𝑟 = 𝑟𝑘1𝑎𝐻+
𝑛1 𝑒

−𝐸𝑎1

𝑅𝑇 + 𝑟𝑘2𝑎𝐻2𝑂
𝑛2 𝑒

−𝐸𝑎2

𝑅𝑇 + 𝑟𝑘3𝑎𝐶𝑂2
𝑛3 𝑒

−𝐸𝑎3

𝑅𝑇 + 𝑟𝑘1𝑎𝑂𝐻−
𝑛4 𝑒

−𝐸𝑎4

𝑅𝑇  ,                                            (5) 143 

where r is the specific dissolution rate (mol/m2s), rk is the rate constant, T is the temperature (K), R is the gas constant 144 
(8.3145×10-3 kJ/kmol), aH+ is the activity of the proton (dimensionless), Ea is the activation energy, and a and n are 145 
the activity and reaction order, respectively for hydrogen (H+), water, carbon dioxide (CO2), or hydroxide (OH-). The 146 
dissolution rate for minerals (except calcite) was calculated by [35]: 147 
𝑑𝑚

𝑑𝑡
= 𝑟𝑖𝑚0

𝑆𝐴

𝑉
(

𝑚

𝑖𝑚0
)

𝑛
(1 − 𝛺) ,                             (6) 148 

where SA is the surface area (m2/mol), im0 is the initial moles of mineral per unit volume (1 L, or kg water- kgw), m is 149 
the current moles of mineral per solution volume (m/im0)n, n with a value of 0.67 is a correction factor to account for 150 
changes in SA/V during the dissolution of the mineral, and Ω is the saturation state defined as the ratio of the ion-151 
activity product to the solubility product (ksp) for the solid. The initial mole of mineral (im0) for a coreflood was 152 
calculated by [36]: 153 

𝑖𝑚0 =
𝜌𝑉(1−ф)𝜔

𝜙𝑀𝑊
,                                                            (7) 154 

where 𝜔 is the mass fraction of the mineral in bulk mineralogy, ф is porosity (0.215), ρ is the rock bulk density (2.2 155 
g/cm3), MW is the mineral molecular weight, and V is the solution volume (equivalent to PV) that is in 1 L. 156 

2.1.1 Adsorption Analysis. To understand the mechanism behind EWI in carbonates, it is important to consider the 157 
aqueous species adsorption on the rock surface. Due to the large surface area of carbonates, they have high reactive 158 
surfaces, and consequently, they can adsorb a certain amount of ions. Therefore, in this study, we considered various 159 
models for ion adsorption during low salinity/engineered water injection.  160 

2.1.2 Adsorption Measurement. The adsorption of various ionic species on the carbonate surface can be calculated 161 
by material balance through determining the change between the ionic concentration of the aqueous species in the 162 
injected water before and after adsorption. The adsorption of ionic species can be calculated using the following 163 
equation: 164 

𝑞 =
𝑣(𝐶𝑜−𝐶𝑒)

𝑚
,                   (8) 165 

where q is the adsorption density of an ionic specie (mg/g), Co is the primary concentration of ionic species (ppm), Ce 166 
is the equilibrium concentration of ionic species (ppm), m is the mass of the rock sample (g), and v is the solution 167 
volume (mL). The static adsorption can be calculated by matching the primary concentration of ionic species with 168 
their concentration after reaching/attaining equilibrium. 169 

2.1.3 Adsorption Isotherms. These various models of adsorption isotherm are used to estimate the equilibrium 170 
between the concentrations of adsorbate that gather on the adsorbent and the magnitude of the dissolved adsorbate 171 
[37]. The different adsorption models used to determine the adsorption equilibrium behavior of a species are described 172 
below: 173 

Freundlich Isotherm. This isotherm is the most convenient form of the isothermal equation, which is used to estimate 174 
the heterogeneous adsorption configuration with an insignificant saturation ratio of adsorbent to adsorbate. Therefore, 175 
this type of isotherm can predict infinite surface coverage and it shows multilayer adsorption on the solid surface. The 176 
number of ions adsorbed (qe) can be calculated from this isotherm by the following equation: 177 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛

,                  (9) 178 
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where Kf is the ionic species adsorption capacity, and subscript 1/n is the intensity of ion adsorption. The adsorption 179 
magnitude can be estimated from the adsorption intensity index (1/n). When 1/n lies between 0.1 and 0.5, around this 180 
range the adsorption is considered to be promising. On the other hand, when 1/n is between 0.5 and 1 the adsorption 181 
is easy to adsorb. However, it is challenging to adsorb when 1/n is above the value of 1 [38]. The main disadvantage 182 
of the Freundlich isotherm is that it works at low solute concentration, but with the increase in the concentration of 183 
solute, it shows deviation.  184 

Langmuir Isotherm. This type of isotherm is the most commonly used model to describe the process of ionic adsorption 185 
for a monodentate system. The following equation can be used to determine the maximum adsorption ability of an 186 
ionic species with this type of isotherm [39]: 187 

𝑞𝑒 =
𝑞𝑜𝐾𝑎𝑑𝐶𝑒

1+𝐾𝑎𝑑𝐶𝑒
 ,                (10) 188 

where qe, qo, Ce, and Kad stand for the concentration of adsorbate per unit mass of adsorbent, amount to be adsorbed, 189 
the concentration of the adsorbate at equilibrium, and adsorption energy, respectively. The value of qo is calculated 190 
from the slope and Kad is estimated from the intercept of the straight line. However, the Langmuir isotherm assumes 191 
that the surface coverage is monolayer and the adsorption sites are homogenous and identical with equivalent energy. 192 
Another non-dimensional equilibrium parameter of Langmuir isotherm (Liso) can be introduced to Eq. 10 to estimate 193 
the adsorption process and it is given as: 194 

𝐿𝑖𝑠𝑜 =
1

1+𝐾𝑎𝑑𝐶𝑒
  .                (11) 195 

The Liso value shows that the process of adsorption is favorable when (Liso < 1), unfavorable (Liso > 1), linear (Liso = 196 
1), and for irreversible (Liso = 0).  197 

2.2 Model Development: Surface Complexation-based Ionic Adsorption Model 198 

The surface complexation describes the sorption of ionic species based on the equilibrium of surface reactions. The 199 
surface complexation reactions are considered fast reactions and they are defined by reaction thermodynamics [30]. 200 
Thus, they present the adsorption of ions on the rock surface and thus form an electrical double layer (EDL). It is 201 
important to mention that EDL changes with the variation in the injected water composition. Therefore, depending 202 
upon the composition of EWI, a distinctive electrical potential would develop at the rock-brine-oil interface. It is 203 
imperative to mention that the EDL presents the distribution of various ionic species that surrounds the charged 204 
surface. The theory of EDL is based on the existence of two parallel layers known as the stern layer and the diffuse 205 
layer. These ionic layers originate around a rock surface. Moreover, the use of surface complexation models has 206 
several benefits in modeling the geochemistry behavior of a system over different adsorption models as discussed 207 
above. The adsorption models are quite simple and ignore the change in fluid composition, rock surface charge, 208 
solution ionic strength, and pH. Thus, surface complexation modeling used in this study is a more comprehensive 209 
approach and it can overcome the limitations posed by various adsorption models.  210 

The potential at the mineral surface, stern layer, and slipping plane are known as surface potential, stern 211 
potential, and zeta potential, respectively. The first layer around the positively charged carbonate is the stern layer and 212 
it is composed of negative charged fixed ions adsorbed on the carbonate surface. At the boundary of this layer, a major 213 
drop of potential occurs and its thickness is usually 1 nm. The second layer is known as the diffuse layer and its 214 
thickness lies in the range between 1-500 nm subject to the rock surface charge and solution ionic strength. The ionic 215 
species in this layer are loosely attached to the rock surface via Coulomb force and can move in the solution controlled 216 
by electrical attraction. The ions opposite in charge to the surface charge of the mineral are attracted and similar 217 
charges are repelled. This process leads to the screening of the surface charge and thus, this layer splits into two 218 
regions. The first region is between the stern plane and the slipping plane. In this region, the ions are not affected by 219 
the fluid flow. The second region of the diffuse layer lies between the slipping plane and bulk fluid, ions in this region 220 
are controlled by the fluid flow. Thus, the flow of fluid disturbs the distribution of ions in this region.  221 
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In this study, we performed surface complexation and ion adsorption for the experimental investigation 222 
performed by Shehata et al. [29]. The XRD data for Indiana limestone cores used by the latter authors consist of 99% 223 
calcite. It was mentioned by Brady and Thyne, [40] that the calcite surface is composed of two sites: hydrated calcium 224 
sites (>CaOH) and carbonate sites (>CO3H). The surface complexation reactions considered in this study are given in 225 
Table 1-2 for the rock-brine interface. The surface of carbonate would attain a surface charge due to the existence of 226 
these sites. Thus, the calcite would gain or lose the hydrogen ions by adsorbing the corresponding anions or cations 227 
subject to the properties of charge on these sites. Moreover, Table 3 shows the surface complexation reactions and 228 
their respective equilibrium constants for the oil-brine interface. It is important to mention that each of these surface 229 
complexation reactions has an equivalent mass-action equation. For example for CB-6, the inclusion of the 230 
electrostatic term in the equation below is described by the necessity of ionic species activities on the surface potential. 231 
Thus, the combined mass action equation is given by: 232 

𝐾𝑠 =
[>𝐶𝑎𝑆𝑂4

−]

[>𝐶𝑎𝑂𝐻2
+][𝑆𝑂4

2−]exp (2𝐹𝜓𝑒 𝑅𝑇⁄ )
 ,                            (12) 233 

where ψs, F, R, and T stand for surface potential, Faraday constant, universal gas constant, and temperature, 234 
respectively. If the carbonate surface potential is positive, then the negatively charged divalent species such as sulfate 235 
ion activity will increase close to the surface and it will decrease away from the surface. This phenomenon will lead 236 
to the removal of oil from the surface, adsorption of sulfate on the carbonate surface, and formation of complexes 237 
between positively charged divalent ions, such as Mg+2, and Ca+2, with crude oil. Therefore, the activities could be 238 
expressed in terms of surface concentrations.  239 

It is important to mention that we used the Grahame equation to describe the correlation between surface 240 
potential and surface charge. The surface charge (σs) is determined in coulombs whereas the surface potential (ψ) is 241 
calculated in volts. Moreover, the Gouy Chapman model is used to derive the Grahame equation by Israelachvili, [41] 242 
and it is given as:  243 

𝜎𝑠
2 = 8000𝜀𝜀0𝑅𝑇𝐼 [𝑠𝑖𝑛ℎ (

𝑣𝐹𝜓

2𝑅𝑇
)]

2

,                                                            (13) 244 

where ε, ε0, T,  R,  I,  and v stands for the dielectric constant, vacuum permittivity constant, temperature, universal gas 245 
constant, solution ionic strength, symmetric electrolyte ionic charge , respectively. 246 

The temperature of a reservoir usually increases with the depth because of a continuous increase in the 247 
geothermal gradient. Therefore, for a typical carbonate reservoir, its temperature would be greater than 298.15 K. 248 
Thus, to model the aqueous reactions and dissolution/precipitation reactions in high-temperature reservoirs. It requires 249 
a systematic temperature correction for the various equilibrium constants. Where the temperature dependency is 250 
determined by utilizing the van’t Hoff equation that is given as:  251 
𝑑[𝑙𝑛𝐾𝑖(𝑇)]

𝑑𝑇
=

𝛥𝐻𝑖
𝑜(𝑇)

𝑅𝑇2 ,                                                                                                                                                      (14) 252 

where 𝛥𝐻𝑖
𝑜 is a function of temperature and for reaction (i), it is the standard heat of reaction. Thus, Equation (14) is 253 

integrated to get the generalized form of van’t Hoff equation:  254 

𝑙𝑛
𝐾𝑖(𝑇2)

𝐾𝑖(𝑇1)
=

𝛥𝐻𝑖
𝑜

𝑅
(

1

𝑇1
−

1

𝑇2
).                                                                                                                                             (15) 255 

For the various geochemical reactions (aqueous and dissolution/precipitation). Equation (15) is utilized to 256 
determine the respective equilibrium constant at temperature T2 [42]. However, due to limited data available in the 257 
literature regarding the change in enthalpy for the various surface complexation chemical reactions. This study 258 
employed the following analytical equation to incorporate the dependence of temperature on surface complexation 259 
reactions to calculate their respective intrinsic stability constants as proposed by [42]: 260 

𝐿𝑜𝑔10𝐾 = 𝐴1 + 𝐴2𝑇 +
𝐴3

𝑇
+ 𝐴4𝐿𝑜𝑔10𝑇 +

𝐴5

𝑇2 + 𝐴6𝑇2 ,                                                                                (16) 261 
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where the reservoir temperature (T) and different parameters A1 - A6 were attuned at 25 °C. Tables 1, 2, and 3 show 262 
the temperature corrected respective intrinsic stability constant for various surface complexation reactions for calcite, 263 
dolomite, and oil at 90°C, respectively.  264 

The advantages of using surface complexation for adsorption modeling include electrostatic interaction 265 
between aqueous species and charged surface, change in ionic strength and related variation in surface potential and 266 
surface charge, and variation of pH due to surface complexation reactions. Thus, the surface complexation is 267 
considered a comprehensive modeling technique as it captures the variation of surface charge, mineral sorption 268 
properties, and mineral site chemical structure. However, surface complexation modeling has uncertainties due to 269 
experimental data limitations. Moreover, the equilibrium constant and site densities may vary over a certain range. As 270 
discussed, the modification of formation wettability depends on the stability of water films, and this film stability is 271 
controlled by the structure of EDL. Thus, the application of the surface complexation model can effectively provide 272 
the change in rock wettability properties during low salinity water flooding. In surface-complexation reactions, the 273 
number of available adsorption sites is determined by considering the surface mineralogical composition, surface area, 274 
and site density. The number of surface reactive /functional groups, γ (mol/L), is related to the site density, Ns 275 
(site/nm2), as follows [36]: 276 

𝛾 =
1018𝑆𝐵𝐸𝑇𝑚𝑎𝑑𝑠𝑁𝑠

𝑉𝑁𝐴
 ,                                             (17) 277 

where SBET is the Brunauer-Emmett-Teller surface area (m2/g), mads is the mass of the adsorbent (g), V is the solution 278 
volume (L), and NA is Avogadro’s number. It is essential to mention that the carbonate surface area is 1.7 m2/g, and 279 
its surface density is 5 sites per nm2 [43]. At in-situ reservoir conditions, the formation fluid is in equilibrium with the 280 
surface of the reservoir rock and certain species get adsorbed on the surface of the rock. Thus, with the injection of 281 
low-salinity water, the saturation of water increases, and a certain portion of the reservoir rock surface comes in the 282 
contact with the injected water and the remaining reservoir rock surface remains unchanged. Thus, the concentration 283 
of adsorbed species is given by the following equation:  284 

𝐶𝑎=𝑆𝑏𝑒𝑡𝑇𝑠(𝛼𝑟𝛽𝑟 + (1 − 𝛼𝑟)𝛽𝑟) ,                                           (18) 285 

where αr represents the fraction of the surface on which the adsorption process took place and βr stands for the 286 
composition of adsorbed species unchanged on the 1-αr of surface fractions.  287 

3. Model Validation  288 

3.1. Zeta Potential Validation Studies   289 

We validated the developed model using the surface complexation against the experimental data (zeta potential) 290 
provided in the literature. It is essential to mention that we investigated the change in zeta potential (carbonate and 291 
oil) with the variation in solution pH and matched the results with the zeta potential experimental (carbonate and oil) 292 
data. 293 

3.1.1. Zeta-Potential: Carbonate  294 
To evaluate the variation of zeta potential on the carbonate surface, where the carbonate surface is bounded by the 295 
reservoir brine. The various surface complexation reactions provided only in Table 1 are used for validation because 296 
the model is validated for a pure calcite mineral. The results of the developed model with surface complexation and 297 
zeta potential experimental measurements performed by Thompson and Pownall [44] are shown in Fig. 2(a). The said 298 
experimental setup was performed for the carbonates and it was brought to equilibrium at 25 °C with a 0.005 NaCl 299 
solution. They utilized NaOH to alter the pH of the solution. We adjusted the calcite Log Kint values to incorporate 300 
the temperature correction in the previous section. It is evident from the results depicted in Fig. 2(a) that the results 301 
of the developed model are in excellent agreement with the experimental data, where with the increase in solution pH 302 
the zeta potential also becomes negative.  Moreover, initially, we tuned the surface area and site density; but this 303 
approach had a trivial effect. Then, we slightly modified the log Kint values and thus we successfully matched the 304 
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experimental data as shown in Fig. 2(a). This approach of tuning log Kint values was recently suggested by [42] and 305 
[45]. It is worthy to mention that we considered the dissolution/precipitation reactions in matching the experimental 306 
data.   307 
 308 
3.1.2. Zeta Potential: Oil 309 
We utilized the experimental data performed by Buckley et al. [46] to confirm the oil-brine surface complexation 310 
model. They determined the zeta potential measurements at 25 oC by using crude oil (4 ml) in 100 ml of 0.1 M NaCl 311 
solution. It is imperative to mention that the surface charge becomes negative, for oils with a low ratio of total oil base 312 
numbers (TBN) to total oil acid numbers (TAN). Moreover, for oils with high TBN/TAN values, this ratio becomes 313 
zero at high pH values [47]. Additionally, to estimate the zeta-potential at the oil-brine interface. We considered both 314 
groups: acid (carboxylic acid) and base (nitrogen base) along with their respective SCR as shown in Table 2. The Log 315 
Kint value for these SCRs was tuned to match the experimental data as shown in Fig. 2(b) and it shows that our 316 
developed model is in good agreement with experimentally determined zeta potential data. Furthermore, our results 317 
show that the surface charge of the crude oil decreases with the increase in pH.  318 
 319 
3.2. Carbonate Corefloods: Simulation and Validation  320 

To validate and prove the efficiency of our developed model, a detailed history matching is performed with the 321 
experimental data and effluent concentration of PDIs such as calcium, magnesium, and sulfate. These ions are known 322 
as potential determining ions because of their ability to adsorb on the carbonate surface and change its surface 323 
charge/potential [14]. As was previously mentioned, the experimental results of Shehata et al. [29] were used in this 324 
study. The experimental work of Shehata et al. [29] was selected because they performed several low salinity 325 
waterflooding experiments at 90 °C on Indiana limestone cores with 99.9% calcite and 0.1 % iron as HFO. The surface 326 
complexation reaction for the HFO is depicted in Table 3. In this study, the simulator ran for a pre-determined pore 327 
volume and the reservoir parameters were modified accordingly. Then, the calculations were performed assuming that 328 
the rock contains traces of ankerite/ferroan-dolomite [Ca(Fe, Mg)(CO3)2], siderite, dolomite, mica as biotite 329 
[K(Mg,Fe)3AlSi3O10(OH)2] and K-mica [KAl3Si3O10(OH)2], and alunite [KAl3(SO4)2(OH)6]. The formation water 330 
contains 0.001 mol/L of sulfate, thus determining the source of sulfate in formation water. It is assumed that the 331 
primary source of SO4

-2 is likely to be anhydrite because the kinetic dissolution of anhydrite-containing minerals 332 
releases SO4

-2. The low level of anhydrite in the simulation model and its absence from XRD data is consistent with 333 
previous observations that reported that the low anhydrite concentrations fell below the detection limit of XRD [28 334 
and [48].  335 

 336 
We performed a detailed sensitivity analysis for the remaining 1% solid species in composition and found a 337 

good match with Ankerite (0.5%) and Anhydrite (0.5%) using the llnl.dat database in the Phreeqc simulator. In their 338 
coreflooding experiments, they injected 4.78 PVs of seawater at irreducible water saturation conditions, followed by 339 
3.1 PV deionized water, and then, 4.1 PV of seawater (50 times diluted) injection. Table 4 presents the detailed ionic 340 
compositions of formation water, seawater, and various diluted waters. The list of different reservoir rock properties 341 
used in the sensitivity analysis is shown in Table 5. 342 

 343 
The total site density for the calcite surface used in the study is 5 sites/nm2. This study used surface 344 

complexation reactions as previously presented in Tables 1-3.  The acid and base numbers measured by Shehata et 345 
al. [29] are utilized to determine the number of sites in the oil-brine interface. Equations (16) and (17) were used to 346 
convert the acid and base numbers to sites/nm2, respectively. It should be noted that the oil-specific surface area was 347 
assumed to be 1 g/m2 according to Korrani and Jerauld [18]. The equations used to convert TAN and TBN to site/nm2 348 
are as follows: 349 

𝑆𝑖𝑡𝑒𝑠

𝑛𝑚2 =
0.6022×106×TAN(mgKOH/g oil)×Oil specific area(

𝑔 𝑜𝑖𝑙

𝑚2 )

1000𝑀𝑤𝐾𝑂𝐻
 ,                               (16) 350 
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𝑆𝑖𝑡𝑒𝑠

𝑛𝑚2 =
0.6022×106×TBN(mgKOH/g oil)×Oil specific area(

𝑔 𝑜𝑖𝑙

𝑚2 )

1000𝑀𝑤𝐾𝑂𝐻
 .                                        (17) 351 

To match the experimental data of Shehata et al. [29], we performed a sensitivity analysis of the equilibrium 352 
constant of the Brady and Thyne [40] base group surface complexation, Equation (18), as shown in Table 3 from -5.0 353 
to -1.8. 354 

-COOH ↔ -COO- + H+ ,                     log K25°C= -1.8 .                         (18) 355 

Moreover, the equilibrium constant of calcium and carboxylic surface complexation, Equation (19), was modified 356 
from -2.6 to -3.8. 357 

-COOH + Mg2+ ↔ -COOMg+ + H+  ,                    log K25°C= -3.8.                                                            (19) 358 

The value of Log Kint for the above-mentioned SCRs was used as a tuning parameter and temperature corrected 359 
values are given in Table 3. We tuned the calcite surface area and its site density. However, they have a trivial effect 360 
on matching the experimental data. Thus we modified the log Kint values recently proposed by Rego et al. [45], and 361 
Khurshid and Al-Shalabi [42] to match the experimental data. Thus, it can be observed from Fig. 3 for Ca2+, Mg2+, 362 
and SO4

2- ions that the results predicted by our developed model are in excellent agreement with the experimental 363 
data. It can be noticed from the results, we obtained a very good match for Ca2+ and Mg2+ ions except that of SO4

2- 364 
ion. The noticeable difference in matching SO4

2- ion is due to the quality of experimental data. Thus, a delay of sulfate 365 
ions in effluent concentration can be expected, but a delay of 2 PVs is too much to be considered as a result of 366 
adsorption as shown in Fig. 3(c). Therefore, these results show that our developed model (with the incorporated 367 
surface complexation reactions) is efficient and offers the necessary understanding of the adsorption and desorption 368 
characteristics of the chemical species, the effect of pH variation, surface charge change alteration, and the 369 
concentration of surface species are the mechanism behind wettability alteration during engineered water injection. 370 

4. Results and Discussion 371 
Different factors that might affect the adsorption of aqueous species were analyzed with the developed model. The 372 
adsorption of divalent ions (Ca2+, Mg2+, and SO4

2-) were predicted along with different parameters including ionic 373 
strength, reservoir temperature, sulfate-spiked injection water, and sulfate-diluted injection water. The composition of 374 
different water and rock properties are shown in Tables 4 and 5, respectively. The final composition of Indiana 375 
limestone, determined by simulations, along with dissolution kinetic parameters is 99% calcite, 0.5% ankerite, and 376 
0.5% anhydrite. The average compositional surface area, S=Σωi.si (ω is a mass fraction and s is mineral surface area) 377 
is 1.27 m2/g, which agrees with the measured BET surface area of 1.25 m2/g by Tagavifar et al. [36]. 378 
  379 
Ionic strength Effect. The effect of ionic strength of seawater, deionized water, and 50 times diluted seawater on the 380 
adsorption of Ca2+, Mg2+, and SO4

2- was analyzed at 90 °C as shown in Fig. 4. The geochemical reactions and reservoir 381 
conditions remained the same as listed in Tables 1 - 5. The ionic strength of seawater, deionized water, and 50 times 382 
diluted water are 1.093, 6.345×10-7, and 0.024 mol/kgw, respectively. Fig. 4(a) shows that the adsorption of calcium 383 
ions increases exponentially for seawater from 0.069 mg/g to 2.81 mg/g; however, for deionized water and 50 times 384 
diluted water, there is a slight increase in the adsorption of calcium ions. The adsorption behavior of magnesium is 385 
shown in Fig. 4(b). It is apparent that by the injection of seawater the adsorption of magnesium increases from 386 
2.88×10-4 mg/g to 7.8×10-2 mg/g, but it decreases for deionized water because of its zero ionic strength, and then, 387 
increases 50 times diluted seawater as its ionic strength is 0.55. Thus, the adsorption of magnesium is controlled by 388 
the ionic strength of the injected solution, with the increase in ionic strength, its adsorption increases and vice versa. 389 
The adsorption of sulfate, as shown in Fig. 4(c), increases from 1.41×10-5 to 4.94×10-3 mg/g for seawater, followed 390 
by a further increase with deionized water from 4.94×10-3 to 1.32×10-2 mg/g. However, it decreases with 50 times 391 
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diluted seawater from 1.32×10-2 to 6.53×10-3 mg/g. Our results and finding shows that this phenomenon of adsorption 392 
for different ions at a different ionic strength of injected solutions is different and it could be due to: 393 

i. With the decrease in ionic strength, the adsorption sites for calcium become inactive leading to an insignificant 394 
change in adsorption/desorption of calcium. However, the adsorption/desorption of magnesium and sulfate 395 
becomes active with the decrease in ionic strength due to the formation of electrical double layer complexes.  396 

ii. The ionic strength of the injected solution is influenced by the activity coefficient of metallic ions and thus, it 397 
limits the transfer to the surface.  398 

Temperature Effect. The injected water temperature effect is investigated in this subsection. Fig. 5 shows the 399 
adsorption of calcium, magnesium, and sulfate ions at 90, 100, 110, and 120 °C. The adsorption of PDIs was analyzed 400 
at different temperatures during seawater, deionized water, and 50 times diluted water. The compositions of various 401 
waters can be found in Table 4.  402 

It was observed that with the increase in temperature, the adsorption of calcium ions increases as shown in 403 
Fig. 5(a) only for the seawater injection cycle; however, calcium adsorption was not affected during deionized water 404 
and 50 times diluted water cycles. For the effect of temperature on the adsorption of magnesium, no major effect was 405 
pronounced during the seawater injection cycle. However, during the injection of deionized water, its adsorption 406 
decreases exponentially for all temperatures except for 90 °C as shown in Fig. 5(b). Afterward, as soon as 50 times 407 
diluted seawater water is injected, the adsorption of magnesium increases due to an increase in the concentration of 408 
magnesium in the reservoir. One can note that the adsorption of magnesium decreased with temperature increase 409 
mainly during deionized water and 50 times diluted water cycles.  410 

Fig. 5(c) depicts the behavior of sulfate ion adsorption in the reservoir as a function of temperature. It can be 411 
observed that the adsorption of sulfate decreases with the increase in temperature during seawater injection. However, 412 
the adsorption of sulfate starts increasing with the increase in temperature in deionized water injection. Moreover, 413 
during the injection of diluted seawater (50 times), the adsorption of sulfate decreases with an insignificant effect on 414 
temperature. Thus, with a decrease in ionic strength (from seawater to deionized water), the amount of adsorption of 415 
PDIs increases with the increase in temperature as shown in Fig 5 (a) and (c) for calcium and sulfate. It happens 416 
because the adsorbent sites become more active at a higher temperature for calcium and sulfate, and vice versa for 417 
magnesium as shown in Fig. 5(b).  418 

Sulfate Spiking Effect. The effect of sulfate spiking on the adsorption of calcium ions at 90 °C is shown in Fig. 6(a). 419 
It can be observed that with sulfate spiking the adsorption of calcium was not affected and it remained the same in the 420 
2nd cycle for both deionized water and sulfate-spiked water. The effect of sulfate spiking on the adsorption of 421 
magnesium is shown in Fig. 6(b). It is evident from this figure that the adsorption of magnesium increases with the 422 
injection of sulfate-spiked water as opposed to deionized water. On the contrary, Fig. 6(c) shows that with the injection 423 
of sulfate-spiked water, the adsorption of sulfate decreases when compared to that of deionized water. These results 424 
show that high-temperature sulfate and magnesium are active and calcium is in/less active that why calcium adsorption 425 
is not affected by the injection of deionized and sulfate-spiked water. These findings are also mentioned by Al-Shalabi 426 
and Sepehrnoori [2]. 427 

Sulfate Dilution Effect. Fig. 6(a) depicts the effect of sulfate dilution on the adsorption of calcium ions at 90 °C. It 428 
can be observed that with the sulfate dilution, the adsorption of calcium was not affected and it remained the same in 429 
the 2nd cycle similar to that of deionized water. The effect of sulfate dilution on the adsorption of magnesium is shown 430 
in Fig. 6(b). It is evident from this figure that with the injection of diluted sulfate, the adsorption of magnesium has 431 
increased compared to that of deionized water. The opposite was observed for the sulfate ion as shown in Fig. 6(c) 432 
where the injection of diluted sulfate brine decreased sulfate adsorption as opposed to deionized water. These findings 433 
show that the adsorption of sulfate is controlled by the composition of injected water.  434 
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Comparison of Various Waters on Surface Charge and pH. Fig. 7(a) and (b) show the effect of various waters such 435 
as deionized water, diluted sulfate water, and spiked sulfate water on surface charge and pH, respectively. It is evident 436 
from Fig. 7(a) that deionized water is the most successful water injection recipe in decreasing the surface charge of 437 
the carbonate rock in the selected case study followed by the injection of spiked sulfate and diluted sulfate. It is 438 
important to mention that spiked sulfate and diluted sulfate have the same trends in the adsorption of calcium, 439 
magnesium, and sulfate as shown in Fig. 6. However, the analysis of surface charge revealed that spiked sulfate water 440 
injection decreases the surface charge more than the diluted sulfate water. Thus, the spiked sulfate water performed 441 
better than the diluted sulfate water injection, at the same time the results show that the deionized water is the most 442 
successful scenario in recovering oil from the selected case study. 443 

5. Ion Adsorption Mechanism: EWI in Carbonates 444 

In carbonates, the alteration of reservoir wettability is considered to be the main mechanism underlying additional oil 445 
recovery by LSW/EWI. Yousef et al. [13] executed several experiments on carbonates and measured contact angles. 446 
They measured the contact angle with formation water, seawater, and various diluted seawater. They found that two 447 
tests (tests 2 & 3) have a major drop in contact angle by seawater and its various diluted recipes. Thus, our adsorption 448 
modeling results, discussed in the previous section, prove that during seawater injection, the adsorption of Ca2+, Mg2+, 449 
and SO4

2- could have led to the observed oil recovery by Shehata et al. [29]. This further verifies that the injection of 450 
regular seawater can change the wettability of a reservoir from a hydrophobic (oil-wet) to a hydrophilic (water-wet) 451 
state. We used the results obtained from utilizing the surface complexation reactions and determined the effect of 452 
different ions that contributed to the alteration of carbonate wettability. From the surface complexation modeling, it 453 
is observed that most probably the mechanism underlying the increase in oil recovery and respective wettability 454 
modification in Shehata et al. [29] is due to the adsorption and desorption of all potential determining ions (Ca2+, 455 
Mg2+, and SO4

2-) as shown in Fig. 8.  456 
 457 

The adsorption and desorption of potential determining ions that lead to the decrease in surface charge is the 458 
governing process of wettability alteration in this specific case. This finding is established by the concentration of 459 
different ionic species in the effluent. Thus, we correlated the calcium, magnesium, and sulfate ions concentration in 460 
the effluent with additional oil recovery. It is evident from Fig. 8 that for seawater, deionized water, and 50 times 461 
diluted seawater injection. The adsorption and desorption of PDIs decreased the surface charge of carbonate rock as 462 
shown in Fig. 7(a), leading to maximum incremental oil recovery at the injection of different waters as shown in Fig. 463 
8. This alteration of carbonate surface charge would occur when the point of zero charges is exceeded as mentioned 464 
by Al-Shalabi et al., [15]. This point of zero charges is around 9.2 for calcite and 7.4 for dolomite as proposed by 465 
Gupta and Mohanty [49]. Moreover, in carbonates, this point of zero charges depends on pH variation, the 466 
concentration of PDIs, and the composition of injected water. Additionally, Pokrovsky et al. [43] found that for calcite 467 
the point of zero charge ranges from 7 to 12, and for dolomite it lies in the range of 6 to 8.8. Furthermore, Lichaa et 468 
al. [50] used deionized water for carbonate core containing 40% calcite and 60% dolomite. They observed that the 469 
point of zero charges lay in the range of 3.4 to 4.6. Alotaibi et al. [51] also conducted various experiments on calcite 470 
and dolomite and found that the point of zero charges of dolomite is less than that of calcites.  471 

It is essential to mention that the Indiana limestone used by [29] is composed of 99% calcite, 0.5% anhydrite, 472 
and 0.5% ankerite. Thus, the increase in pH as shown in Fig. 7(b), and PDIs adsorption/desorption phenomena 473 
decreased the surface charge at the solid-water interface from 0.0037 to 0.00032 equivalents as shown in Fig. 7(a), 474 
thus the wettability of the reservoir is modified from oil-wet to more water-wet state. Thus, the increase in pH and 475 
decrease in surface charge as shown in Fig. 7(a) and (b), lead to the force of repulsion between the solid/water 476 
interfaces. Thus, the water film is stabilized by the force of repulsion that expands the electrical double layer and thus 477 
renders the rock more water-wet. The results show that this electrical double layer is created and supported by the 478 
adsorption and desorption of PDIs.  479 
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Therefore, based on the detailed surface complexation modeling, a chemical mechanism (adsorption and 480 
desorption of PDIs, decrease in rock surface charge, and pH increase) is a suggested mechanism underlying wettability 481 
alteration. The change in adsorption/desorption of SO4

2-, Ca+2, and Mg+2, increase pH number and decreases surface 482 
charge. Thus, Ca+2 and Mg+2 may react with the carboxylic acid group forms a complex (get adsorbed), and release 483 
oil from the carbonate surface. Therefore, the recovery of oil is not only a function of change in pH as revealed by Al-484 
Shalabi et al. [15], but it is a combination of PDIs adsorption/desorption, and a decrease in rock surface charge.  It is 485 
important to mention that these findings cannot be generalized because seawater injection-related recovery of oil is 486 
subject to reservoir thermodynamics conditions (temperature and pressure), the composition of reservoir rock, crude-487 
oil acid, and base number, and the composition of seawater.  488 

 489 

6. Summary and Conclusions 490 

This study aimed to characterize the efficiency of ionic adsorption/desorption, change in surface charge, and pH, as 491 
the mechanism of altering wettability in carbonates during low salinity/engineered water injection (LSWI/EWI). The 492 
experimental work of Shehata et al. [29], Thompson and Pownall [44], and Buckley et al. [46] were used to validate 493 
the proposed surface complexation model using the Phreeqc. The main findings of this work can be summarized as 494 
follows:  495 

• The developed surface complexation-based adsorption/desorption model determines for the first time the 496 
adsorption/desorption level of various potential determining ions.  497 

• We utilized fluid and rock properties including XRD data, and oil acid and base numbers to best capture the 498 
rock/brine/crude oil interactions in the developed model and their overall effect on the wettability of the 499 
selected carbonate surface. 500 

• It is found that calcite is the main mineral in the rock composition that is affecting surface charge, ions 501 
adsorption, and desorption.  502 

• It is observed that the adsorption of ionic species depends on ionic strength and species activity, where 503 
calcium adsorption remained constant while magnesium and sulfate adsorptions varied with the ionic 504 
strength.  505 

• The magnesium ions were found to be the most sensitive potential determining ion to temperature as opposed 506 
to calcium and sulfate ions.  507 

• The sulfate spiking and dilution of injected low salinity/engineered water lead to a decrease in sulfate 508 
adsorption since the sulfate starts reacting with magnesium and forming complexes.  509 

• We found that the adsorption/desorption of potential determining ions, decrease in surface charge, and 510 
increase in pH during EWI are the responsible mechanisms for wettability alteration and the related 511 
incremental oil recovery for the investigated study.  512 

 513 
Limitations and Future work 514 
The limitation of this study is that it didn’t use the coupled two-phase flow simulator. However, in this study, we used 515 
the oil surface complexation reactions to include the effect of the oil phase in the porous media during low 516 
salinity/engineered water injection and the respective geochemical interactions. It is important to mention that the use 517 
of the employed oil-based surface complexation reactions assisted in capturing the effect of acid and base groups 518 
(carboxylic acid and nitrogen base) present in the oil. Therefore, the proposed approach facilitated to reveal the factors 519 
affecting the adsorption/desorption of ionic species at the rock-oil-water interface during low salinity/engineered water 520 
injection (LSWI/EWI). Thus, the suggested approach can be utilized in reservoir simulators to estimate the recovery 521 
of oil due to wettability alteration during low salinity/engineered water injection (LSWI/EWI) in carbonates, which 522 
will be investigated in our future work. Moreover, the low salinity/engineered water injection (LSWI/EWI) and the 523 
respective oil recovery vary from case to case, and hence, the findings cannot be generalized. 524 

 525 
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Table 1: Different calcite-based surface complexation reactions at the Calcite/Brine interface 644 

 645 
 646 

Table 2: Different oil-based surface complexation reactions at the Oil/Brine interface  647 

Chemical 

Reaction 

No. 

Surface Complexation Geochemical Reactions 

Log Kint 

25 oC 90 oC 

Brady and 

Thyne [40] 
Tuned Model  

Temperature Adjusted 

Model 

OB-1 -NH + H+ ↔ -NH2
+ -6.0 -6.0 -7.3 

OB-2 -COOH ↔ -COO- + H+ -5.0 -1.8 -2.0 

OB-3 -COOH + Ca2+ ↔ -COOCa+ + H+ -3.8 -3.8 -3.9 

OB-4 -COOH + Mg2+ ↔ -COOMg+ + H+ -2.6 -3.8 -3.9 

 648 
 649 

Table 3: Different iron oxide-based surface complexation reactions at Trace Minerals/Brine interface 650 

Chemical 

Reaction 

No. 

Surface Complexation Geochemical Reactions 

Log Kint 

24 oC 90 oC 

Tagavifar et 

al. [36] 

Tuned 

Model 

Temperature 

Corrected 

Model 

TM1 >Fe(w)OH + H+↔ >Fe(w)OH2
+ 8.49 8.49 10.1 

TM2 >Fe(w)OH ↔ >Fe(w)O- + H+ -9.1 -9.1 -9.2 

TM3 >Fe(s)OH + H+ ↔ >Fe(s)OH2
+  8.49 8.49 8.4 

TM4 >Fe(s)OH ↔ >Fe(s)O- +H2
+  -8.93 -8.93 -9.06 

TM5 >Fe(w)OH + Fe2+ ↔ >Fe(w)OFeOH + 2H+ -2.98 -2.98 -3.1 

TM6 >Fe(w)OH + Fe2+ + H2O ↔ >Fe(w)OFe++ H+ -15.98 -15.98 -15.9 

TM7 >Fe(s)OH + Fe2+ ↔ >Fe(s)OFe++ H+ -0.98 -0.98 -1.1 

TM8 >Fe(w)OH + Ca2+ ↔ >Fe(w)OCa++ H+ -6.05 -6.05 -6.2 

TM9 >Fe(w)OH + Mg2+ ↔ >Fe(w)OMg++ H+ -6.8 -6.8 -6.9 

 651 

Table 4: Composition of formation water, seawater, and modified water [29] 652 

Chemical 

Reaction 

No. 

Surface Complexation Geochemical 

Reactions 

Log Kint 

25 oC 90 oC 

Hiorth et al. 

 [12] 

Brady and 

Thyne [40] 

Korrani and 

Jerauld [18] 
Tuned Model 

Temperature Adjusted 

Model 

CB-1 >CO3H ↔ >CO3
- + H+ -4.9 -5.1 -4.9 -5.1 -6.1 

CB-2 >CO3H + Ca2+ ↔ >CO3Ca+ + H+ -3.16 -2.6 -1.74 -2.6 -2.7 

CB-3 >CO3H + Mg2+ ↔ >CO3Mg+ + H+ -3.17 -2.6 -1.73 -2.6 -2.7 

CB-4 >CaOH + H+ ↔ >CaOH2
+ 12.9 11.85 12.9 11.5 11.33 

CB-5 >CaOH + HCO3
- ↔ >CaCO3

- + H2O 3.32 17.1 3.32 10.1 8.8 

CB-6 >CaOH2
+ + SO4

2- ↔ >CaSO4
- + H2O 2.1 2.1 2.1 2.1 0.8 
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Salinity Unit mol/L mol/kgw PPM meq/ml 

Ionic Species Ca2+ Na+ Cl- SO4
2- Mg2+ HCO3

2- Ba2+ Sr2+ 
Ionic 

Strength 
TDS Anions Cations 

Field Formation 

Water   
0.744 2.19 4.042 0.001 0.175 0.006 7.29×10-5 0.012 6.443 229,218 4.05 4.05 

Original Seawater 0.017 0.734 0.878 0.037 0.094 0.003 0 0 1.093 52,304 0.95 0.95 

Modified 

Seawater 

Two-Times 

Spiked 

Sulfate 

0.017 0.814 0.878 0.074 0.094 0.003 0 0 1.109 60,071 1.03 1.03 

Two-Times 

Diluted 

Sulfate 

0.017 0.704 0.878 0.019 0.094 0.003 0 0 1.05 52,206 0.92 0.92 

50-Times 

Diluted 

Seawater 

3.31×10-4 0.014 0.017 7.41×10-4 1.88×10-3 6.32×10-5 0 0 0.024 1046 0.02 0.02 

 653 
Table 5: Reservoir rock properties used for simulation [29] 654 

Parameter Value 

Core Porosity, % 21.2 

Core Brine Permeability, mD 176.6 

Core Length, cm 15 

Core Diameter, cm 3.8 

Temperature, °C 90 

Lithology, % Calcite (99.9), Iron as HFO (0.1) 

Elements/Pseudo-elements 
Calcium, Sodium, Chloride, Magnesium, Sulfate, Carbonate, and 

Hydrogen 

Solid Species Calcite, and Fe-Dolomite 

Gridblocks 20 × 1 × 1 (1D Model) 

Diffusion Coefficient, m2/s 0.0 

Dispersivity, m 0.03 

Timesteps, seconds 700 

Direction of Flow  Forward  

Boundary Conditions Flux-flux  

 655 

 656 

 657 
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 658 

Fig. 1: Schematic diagram of wettability alteration in carbonates with ion adsorption of potential determining 659 
ions (Ca+2. Mg+2, SO4

-2) 660 
  661 
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 662 
 663 

 

(a) 

 664 

 665 
(b) 666 

Fig. 2: Comparison of simulation data against experimental data for (a) pH results with experimental data at 667 
25 oC in 0.005 M NaCl, data from Thompson and Pownall, [44], (b) pH results with experimental data at 25 668 

oC in 0.1 M NaCl, data from Buckley et al., [46]. 669 
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 672 
(a) 673 

 674 
(b) 675 

  676 
(c) 677 

Fig. 3: Comparison of simulation concentration data of different aqueous species with Shehata et al. [29] 678 
experimental data at 90 °C for (a) Calcium ion, (b) Magnesium ion, and (c) Sulfate ion.  679 
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 682 
(a) 683 

 684 
(b) 685 

 686 
(c) 687 

Fig. 4: Effect of ionic strength on ion adsorption at 90 °C for (a) Calcium ion, (b) Magnesium ion, and (c) 688 
Sulfate ion.  689 
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 693 
(a) 694 

 695 
(b) 696 

 697 
(c) 698 

Fig. 5: Effect of temperature on ions adsorption for (a) Calcium ion, (b) Magnesium ion, and (c) Sulfate ion.  699 
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 702 
(a) 703 

   704 
(b) 705 

 706 
(c) 707 

Fig. 6: Effect of different waters (Deionized, Sulfate Spiked, and Sulfate Diluted) on adsorption at 90 °C and 708 
2nd cycle for (a) Calcium ion, (b) Magnesium ion, (c) Sulfate ion.  709 
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 713 

 714 
(a) 715 

 716 
(b) 717 

Fig. 7: Effect of different waters (Deionized, Spiked Sulfate, and Diluted Sulfate) on adsorption at 90 °C and 718 
2nd cycle for (a) Surface charge, (b) pH number.  719 
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 723 
  724 

Fig. 8: Oil Recovery data and concentration histories predictions of potential determining ions for the 725 
experimental work of Shehata et al. [29] at 90 °C. 726 
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