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Abstract 

Within the context of global warming, Carbon Dioxide (CO2) capture and its utilization in oil 

recovery are seen as one of the majority methods to decrease Greenhouse Gas (GHG) emissions 

over the next few decades. CO2 flooding is considered an Enhanced Oil Recovery (EOR) 

method and can increase the oil recovery factor up to 60%-70% by changing the wettability 

preference of the reservoir rock. The aim of this thesis is to estimate the wettability preferences 

of the individual minerals, reservoir rocks, and mineral mixtures during Formation Water (FW) 

and Carbonated Water (CW) injection. Moreover, the effects of temperature and pressure on 

the wettability of an individual mineral (calcite) were also studied to improve the understanding 

of the CO2 flooding impact on reservoir rock wettability. 

The literature study of this M.Sc. thesis outlines how wettability affects the oil recovery, the 

impact of the oil composition, brine composition, and CO2 on the wetting state of the individual 

minerals and reservoir rock. Moreover, the simulation works were carried out to estimate the 

wettability preferences of the minerals, Sandstone Reservoir Rocks (SRR), and Pseudo-

Sandstone Rock (PSR)/mineral mixtures. The simulation part was based on Surface 

Complexation Modeling (SCM) and presented a set of simulations in the geochemistry solver 

PHREEQ-C, run at various pressures and temperatures, in which wettability states were 

estimated. The wettability preferences were estimated by calculating bond products defined as 

the product of the mole fraction of oppositely charged oil and mineral surfaces. 

During FW injection, SCM results showed that the quartz and albite were strongly hydrophilic 

while calcite was strongly hydrophobic. On the other hand, clay minerals (i.e., illite and 

montmorillonite) were less hydrophobic than calcite and more hydrophobic than quartz. In CW, 

the wettability of dominant (based on weight and surface area) minerals in SRR (i.e., quartz and 

calcite) was found to be altered toward less hydrophobic, while the opposite effect was noticed 

for clay minerals. For SRR, the SCM results revealed that their wettability preferences were 

hydrophilic in both FW and CW. Nonetheless, increasing the content of the hydrophilic 

minerals increases the rock’s tendency to become more hydrophilic. 

The SCM results showed that the intrinsic properties of the minerals, such as surface area and 

surface charge, have an enormous impact on the reservoir rock wetting state. For PSR with low 

calcite content, the wettability was inclined towards the mineral with dominant surface area. As 

calcite is strong hydrophobic compared to the other studied minerals, increasing the calcite 

content altered the wettability of the rock toward less water-wet, even if clay minerals 
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dominated the effective surface area. From the SCM results, the divalent cations bridging was 

the dominant oil adsorption mechanism for the main sandstone minerals. Nevertheless, direct 

adsorption of carboxylate was also estimated in clay minerals and calcite. 

In this study, the temperature and pressure effect on the wettability alteration of the calcite was 

also investigated. However, SCM results at different temperatures and pressures show that these 

reservoir properties have a minor impact on the wetting state of calcite during FWI and CWI. 

The SCM technique is a quick and economical method of estimating the wettability of the 

minerals and reservoir rocks. SCM can be used as the first screening tool to estimate the 

potential for CW effect on reservoir wettability. Then further evaluation of potential in 

laboratory experiments and reservoir simulations should be performed. 

As a continuation of the simulation work performed in the present study, it is suggested to 

perform experiments with FW and CW using the USBM method to determine the wettability 

preferences of reservoir rocks at various pressures and temperatures. Since the SCM method 

and flotation tests have limitations in minerals distribution, SCM also has limitations with the 

effective surface area of minerals. On the other hand, in USBM experiments, mineral 

distribution can be taken into account. This is because the USBM method estimates the 

wettability of the bulk rock while the flotation test estimates the wettability of crushed rock. 
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1   Introduction 

1.1 Background 

Industrial establishment and its development year by year have increased the energy demand, 

mainly gained by burning fossil fuels such as coal, oil, and natural gas, also known as 

hydrocarbons [1]. The combustion of hydrocarbons contributes to Carbon Dioxide (CO2) 

emission and other Greenhouse Gases (GHG) into the atmosphere. In the right proportion, GHG 

is necessary for human survival. However, when the concentration of these gases increases in 

the atmosphere, it leads to the rise of temperatures on our planet. This process is also known as 

global warming [1]. 

Over the last half-decade, the main reason for global warming is considered to be human 

activity. So, all nations’ primary objective is to prevent climate change by controlling GHG 

concentration in the atmosphere [2]. During the manufactural activity, the CO2 contains the 

central part of GHG emissions. There are some technological opportunities to reduce CO2 

levels, such as decreasing energy utilization, prioritizing less carbon-intensive fuels, switching 

to nuclear or alternative energy sources, giving more attention to reforestation processes, and 

CO2 capture and storage mechanisms [2]. 

On the other hand, demand for fossil fuels keeps increasing, so; researches have been carried 

out to establish new methods to improve the recovery from the reservoirs because hydrocarbons 

are not renewable sources [3]. Commonly, more than 60% of the Original Oil In Place (OOIP) 

remains in the reservoir after primary and secondary oil recovery procedures as trapped and 

bypassed oil [3]. 

CO2 flooding is one of the most typical Enhanced Oil Recovery (EOR) methods in the 

petroleum industry [4]. Moreover, the fundamental reasons for applying this method to oil and 

gas reservoirs are altering the wettability preferences of the reservoir, reducing oil viscosity, 

etc., to improve the oil recovery and reduce CO2 emission. Besides, using CO2 in EOR is more 

economically attractive than utilizing other gases [5]. 

Wettability has been known as one of the essential parameters regulating the remaining oil in 

place in the reservoir [6]. The information on reservoir wettability is necessary to understand 

the fluid displacement mechanisms and evolve strategies for accomplishing higher recovery 

factors. 
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Different thermal and chemical EOR methods have been investigated to change the reservoir 

wettability toward water-wetness [7]. The degree of water-wetness that can be accomplished by 

the EOR method excessively depends on how this method influences Crude Oil/Brine/Rock 

(COBR) properties. Besides, the process of crude oil interactions with rock and brine for 

individual oil reservoirs distinctively depends on crude oil and brine composition, rock 

mineralogy, and other reservoir parameters. 

It is commonly concurred that petroleum reservoirs were possessed by water before oil 

migration at later stages [7]. When oil occupied the porous medium, it did not force out the 

water entirely because of the water-wet state of the majority of minerals that compose reservoir 

rock, such as carbonate and silica [8]. Therefore, a thin layer of water has remained covering 

the rock surface. The water layer exists as a boundary between rock surfaces and oil. The 

wettability preferences of the reservoir alter when the water layer is destabilized due to 

oil/water/rock interaction, which may lead to the reservoir becoming oil-wet [9].  

Wettability varies for different reservoir rocks. Acidic Number (AN) is the essential factor that 

controls the wettability alteration of carbonates by crude oil; water-wetness increases as the AN 

decreases [7]. In sandstones, API, asphaltene content, and clay content are the most important 

factors of changing the wettability. Therefore, integration of API, AN, clay substance, and 

asphaltene substance estimation would give important data to assess the composite of 

mechanisms by which the original wettability of sandstone and limestone is changed to be oil-

wet. Thus, this thesis will mainly focus on estimating the wettability of the sandstone reservoir 

rocks and dominant minerals of these rocks, which further leads to the aim and objectives of 

this thesis. 

1.2 Aim and Objectives 

The purpose of the present study is to demonstrate the effect of Carbonated Water Injection 

(CWI) on the wettability of individual minerals, Sandstone Reservoir Rocks (SRR), and 

Pseudo-Sandstone Rocks (PSR, crushed sandstone rock with added minerals). This is to 

improve understanding of the impact of brines (i.e., Formation Water (FW) and Carbonated 

Water (CW)) and intrinsic parameters on the wettability of the reservoirs. The objectives for 

the above aim are: 

1) To conduct a literature study that will provide a theoretical background for understanding 

the simulation part of the thesis. 
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2) To perform SCM simulations by the geochemical solver PHREEQ-C for individual 

minerals to estimate their wettability preferences. These simulations include: 

a) to estimate the wettability state of the individual minerals during FW injection, 

b) to estimate the wettability state of the individual minerals during CW injection. 

3) To perform SCM simulations by the geochemical solver PHREEQ-C for SRR and PSR 

to estimate their wettability preferences. These simulations include: 

a) to estimate the wettability state of SRR and PSR during FW injection, 

b) to estimate the wettability state of SRR and PSR during CW injection. 

4) To interpret and compare minerals’ and reservoir rocks’ (SRR and PSR) wettability state 

during FW and CW injection. 

1.3 Structure of the Thesis 

The thesis is organized as follows: first, a literature study is presented in Section 2, which 

summarises how wettability can be measured, the effect of CO2 on wettability, and the work 

that has been previously performed to determine wettability preferences of minerals and 

reservoir rocks. Following the literature study, Section 3 describes the SCM method and the 

input parameters for simulations. Section 4 presents the simulation results. These are compared 

with existing knowledge and previous work on wettability in the discussion in Section 5. 

Finally, the conclusions are given in Section 6. 
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2   Literature study 

2.1 Wettability 

2.1.1 Definition 

In a reservoir, the central aspect for controlling the location, flow, and fluid distribution is 

wettability [10]. Wettability can be defined as tendency of a specific fluid to adhere to a solid 

surface in the presence of other types of liquids.  

One known factor affecting the pore displacement mechanism is the reservoir wetting state [11]. 

Therefore, knowledge about wettability has an essential role in better understanding multiphase 

flow problems such as oil migration from a source rock, primary production mechanism, EOR 

processes, etc. [11].  

2.1.2  Classification of Wettability 

By the type of wetting fluid, wettability can be divided into three main groups: water-wet, oil-

wet, and intermediate (or neutral) wet [8].  When most of the oil/water/rock system surface is 

wetted by water, it is considered water-wet. At water-wet conditions, the smaller pores and 

dead-end pores are occupied by water and create a film layer on the mineral surfaces of the 

larger pores. Moreover, residual oil resides in larger pores as droplets remaining on a water 

layer. Nevertheless, when the system is preferentially oil-wet, the larger pores are occupied by 

water, and the rock surface mainly contacts with oil [12].  

In a porous medium, one of the fluids (water or oil) acts as a wetting fluid [13]. The description 

given above for water-wet and oil-wet can be summarized in Figure 2.1. Concerning the 

intermediate or neutral-wet case, the rock surface has no preference for either fluid. 

 

Figure 2. 1: Pore cross-section with general wetting and non-wetting phase distribution [13].  
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Other types of wettability are mixed wet and fractional wet. At mixed wet conditions, tiny pores 

in the rock act as water-wet and soaked water, while larger pores are oil-wet and oil contact 

with pore walls creates a continuous path through the rock length. The heterogeneous wetting 

of the pore surface can be characterized by fractional wetting. Besides, fractional wettability is 

also used for different reservoir parts/zones of different wettability characteristics. In this 

situation, some parts of the reservoir can be more water-wet than others. 

2.1.3 Measurement of Wettability 

Several methods have been invented for the measurement of wettability [14]. These methods 

can be divided into two groups: quantitive and qualitative. Among quantitive methods are 

contact angle, imbibition, forced displacement, and the United States Bureau of Mines (USBM) 

method. Other types of techniques are qualitative methods consisting of microscopic 

examination, imbibition rates, relative permeability curves, permeability/saturation 

relationships, capillary pressure curves, displacement capillary pressure, and reservoir logs 

[14]. Even with so many methods to infer actual wetting state, one approach is not enough to 

determine wettability conditions, and several techniques are often applied to characterize 

wettability conditions [15]. 

2.1.3.1 Quantitative Methods: 

i. Contact-Angle Method 

Contact angle forms when a drop of water is placed on a surface immersed in oil [14], and the 

rule is to measure the contact angle through the densest phase. This angle between the surface 

of liquid and solid can range from 0° to 180°. When the contact angle is less than 90°, the 

surface is preferentially water-wet. Accordingly, when it is greater than 90°, it is considered to 

be oil-wet. However, the angle can be equal to 90°, inferring the true wetting state as 

intermediate or neutral-wet [14].  

In Figure 2.2 (a), the contact angle between liquid and solid is less than 90°, which makes this 

system water-wet, and hence water has a higher affinity towards the solid. Nevertheless, in (b), 

the droplet’s contact area with solid minimized, which contributes the contact angle to be 

greater than 90° indicating oil-wetness. Finally, in (c), the system showing neutral wetness due 

to both fluids have an equal preference towards the solid surface. 
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Figure 2. 2: Three surfaces with different wettability [16]. 

(a) water-wet (θ < 90◦ ), (b) oil-wet (θ > 90◦ ), and (c) neutral-wet (θ = 90◦ ) 

The contact angle is the best wettability measurement method when pure fluids and artificial 

cores are used [14]. At the same time, it can also be applied to estimate wettability when 

nanoparticles and surfactants are used. In addition, the technique is suitable for checking if 

crude oil can alter wettability and determine the effects of temperature, pressure, and brine 

chemistry on the wetting state. For contact-angle measurements, many methods have been 

applied: sessile drops or bubbles, vertical rod method, tensiometry method, cylinder method, 

and capillary rise method [14]. 

Generally, in the petroleum industry, the sessile drop and modified sessile drop methods are 

used [14]. The main difference between these methods is the number of polished mineral 

crystals. There is one in the sessile drop method, while in the modified sessile drop method, 

there are two. As shown in Figure 2.3, polished mineral crystals are mounted parallel to each 

other on adjustable posts in the modified sessile drop method. 

 

Figure 2. 3: Contact-angle measurement by modified sessile drop method [14]. 

Among all methods for determining wettability, the contact-angle is one of the simplest and 

cheapest ways for cleaned and smooth surfaces. Moreover, it is suitable even for non-porous 

mediums. Unfortunately, the wetting state quantified with this method may not represent the 

actual reservoir rocks because some essential factors like reservoir heterogeneity, surface 
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roughness, and pore geometry are not considered during the measurement process. It is proved 

that roughness and pore geometry significantly impact the state of wetting [17]. 

ii. Amott Method 

The Amott method was developed for measuring the average wettability of a rock sample by 

combining forced displacement and imbibition [18]. Moreover, in the Amott method, both the 

rock samples and fluids from the reservoir can be used. 

This method is based on the displacement of the non-wetting fluid in the sample by the 

spontaneously imbibed wetting fluid. Amott index is the ratio of spontaneous imbibition to 

forced imbibition. The Amott index is utilized to reduce the influence of factors such as relative 

permeability, viscosity, and initial saturation of the rock [18]. 

The Amott test can be summarized in four steps: 

1. To imbibe water spontaneously, the core sample at irreducible water saturation is put in a 

water-filled tube (from S1 to S2 in Figure 2.4). 

2. Oil saturation reaches irreducible oil saturation by the displacement of the remaining oil in 

the core (S2 to S4). The recovered oil (due to spontaneous imbibition and forced displacement) 

is noted. 

3. The amount of water superseded because of spontaneous imbibition of oil is noted after the 

sample is submerged in oil for about 20 hours (S4 to S3). 

4.  The remaining water is displaced by forcing oil through the sample, which is placed in the 

flow cell (S3 to S1). A total amount of water displaced (both by spontaneous imbibition of oil 

and forced displacement) is noted. 

 

Figure 2. 4: Capillary pressure water saturation in Amott test [19]. 
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Separate ratios of spontaneous imbibition to total saturation change for water, Iw, and oil, Io, 

are termed the water and oil imbibition indices, respectively. 

                                                                  IO = 
(𝑆4−𝑆3)

(𝑆4−𝑆1)
                                                           (2.1) 

                                                                  IW = 
(𝑆2−𝑆1)

(𝑆4−𝑆1)
                                                                                        (2.2) 

At the strong oil-wet conditions, IO is close to 1, whereas IW is close to 0. On the other hand, in 

a strongly water-wet core, IW is close to 1 while IO is close to 0. 

The Amott-Harvey method is a modification of the Amott method and index for this method 

denoted by IAH, which identifies the core sample’s wettability [18]. The designed conversion is 

comprising of varying the way forced displacement is implemented. During this method, the 

displacement is carried out with Hassler Core Holder, a suitable method for utilizing external 

pressure. Before running the genuine test, there is an extra step in preparing the sample, 

replacing the core in the Core Holder: first in brine, next in crude oil to reach the irreducible 

water saturation. Afterward, the displacements by water and oil are calculated. The relative 

Amott-Harvey displacement index is the displacement by water ratio minus the displacement 

by oil ratio, as illustrated in Figure 2.5 [18]. 

                                                                   IAH = IW − IO                                                        (2.3) 

The index can range between +1 for the water-wet system and -1 for the oil-wet system. 

Moreover, when the index is close to 0, the system is considered as intermediate or neutral-wet. 

 

Figure 2. 5: Determining wettability by natural and forced displacement using the Amott-Harvey method [18]. 
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iii. USBM method 

The alternative method for measuring the wettability of the sample was developed by the 

USBM and Donaldson et al. [20]. By utilizing the USBM method, it is possible to perform four 

to eight tests in a few days and compare with other methods, i.e., it is relatively fast. 

Furthermore, one of the essential advantages of this method compared to the Amott test is the 

higher sensitivity near neutral wettabilities [18]. However, there is one disadvantage with the 

USBM; it is the limitation of a core sample size, which should be 3.5 cm in diameter and 5 cm 

in length in plug shape, due to the requirement for using a centrifuge. The method measurement 

is based on the work of one fluid to replace another fluid in a porous medium.  

The required work is considered to be equal to the area under the capillary pressure work. From 

Figure 2.6a, it can be seen that in the water-wet state, the area under the capillary pressure curve 

of displacement by brine is smaller than the area under the capillary pressure curve for another 

displacement for water-wet reservoir condition. While, if the wetting state is oil-wet, the area 

under the displacement of the oil curve will be small due to the imbibition of most of the oil by 

the sample (Figure 2.6b). 

        

Figure 2. 6: USBM Method to determine wettability. 

a) Water-wet, b) Oil-wet [14]. 

For calculation wettability by utilizing USBM, the equation below is used: 

                                                                    W = log(
A1

𝐴2
 )                                                       (2.4) 

When W is around 1, the wettability is considered water-wet, about 0 neutral, and near to -1 is 

oil-wet. 
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2.1.3.2 Qualitative Methods 

The primary purpose of qualitative methods is to characterize the wetting state of the rock 

without using this preference’s quantitative limits. There are different methods of this type [18], 

e.g.: 

- Visual method. 

- Imbibition method. 

- Relative Permeabilities method. 

- Capillary Pressure method. 

- Flotation method. 

However, in this study, just the imbibition, relative permeabilities, and capillary pressure 

methods are discussed. 

i. Imbibition method 

Among qualitative methods, wettability characterized by the imbibition method is the most 

common due to giving quick and accurate information about the wetting state without 

demanding the use of sophisticated technology to run the test. The procedure is based on the 

flow rate of wetting fluid which replaces the non-wetting fluid with the simple action of 

capillary forces [18]. If the flow rate and the water volume are significant, the core is strongly 

water-wet; otherwise, it is weakly water-wet or oil-wet. This scenario can also be applied to the 

oil-wet core. [14]. 

ii. Relative permeabilities method 

Relative permeability and wettability are interdependent parameters and based on this fact, 

some methods for measuring wettability are introduced [21]. Wettability affects the distribution 

of water and oil and their movement through pore spaces. Therefore, the effect of wettability 

on the flow behavior of reservoir fluid is reflected in relative permeability. However, these 

methods can only determine strong water-wet cores and strong oil-wet cores, i.e., not the minor 

changes in wettability. For example, alteration between the core that is heavily wet by water 

and moderately wet by water may not be noticed by these methods [21]. Figure 2.7 (a) shows 

that the crossing point of permeability curves is at more than 50% water saturation due to water 

being the wetting fluid. On the other hand, in Figure 2.7(b), the crossing is less than 50% water 

saturation, so the wettability of the sample is oil-wet. 
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Figure 2. 7: Typical relative permeability curves [22]. 

iii. Capillary pressure method 

Qualitative methods for measuring the wettability of porous medium can be created by utilizing 

several ways to determine capillary pressure. One of the most common methods is the 

Capillarimetric method [23], which recognized the priority of the fluid used to determine 

wettability. Figure 2.8 illustrates that this equipment binds two liquid phases: oil and water, 

through a capillary tube, with a capillary pressure using the interface of the phases. 

The principal measured parameter in this method is adhesion tension in a capillary tube. This 

parameter can be determined by the distinction in the heights of the fluids in the equipment 

parts. This inequality between heights is happening due to the difference in densities and 

acceleration of water and oil gravity. 

                                             ED = σcosθ = 70.307
𝑟

𝑔
 (ρoho – ρwhw)                                         (2.5) 

Where: 

ED = Displacement energy, psi 

r = pipe radius, cm 

g = Gravity, cm/sec 

ρo = Oil density, gr/cm3 

ρw = Water density, gr/cm3 

ho = Oil height, cm 

hw = Water height, cm 

From the equation above, the energy displacement can be calculated. A positive result means 

that it is water-wet, while a negative result means oil-wet. 

                                  (a) Strongly water-wet                     (b) Strongly oil-wet 
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Figure 2. 8: Capillarimetric method [21]. 

2.1.4 The Influence of Wettability on Oil Recovery 

The interplay of many interacting factors, mechanisms, properties, etc., at the pore levels and 

macroscopic scales can affect oil recovery efficiency [11]. For several decades, all these 

interacting forces have been among the main topics for scientific research in the oil industry 

[11].  

The wettability of the reservoir rock is among the main factors that affect oil recovery efficiency 

[24]. While the rocks are hydrophilic, the oil is not the wetting fluid, and it is mainly found in 

large pores of the rock matrix. Therefore, under the influence of a pressure drop in the wellbore 

during the primary oil recovery methods, the oil has relatively high mobility and easily moves 

in its direction. However, when the reservoir rocks are hydrophobic, oil is located in tiny pores, 

so the extraction process becomes harder than hydrophilic rocks [24]. 

The relative permeability is a crucial parameter in the pore displacement of individual phases 

in the reservoir [25]. This parameter is a function of the history of saturation, pore geometry, 

distribution of fluids in the rock, and wettability. Hydrophilic rocks have a higher oil 

permeability than water, while if the rock is hydrophobic, it will be the opposite. Therefore, oil 

extraction from hydrophilic reservoir rocks is more significant due to the higher relative 

permeability of oil. 
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2.2 Factors Affecting the Wettability 

Primarily factors affecting the reservoir wettability are the rock properties and the 

characteristics of the reservoir fluids [26]. Moreover, some aspects also have a role in the 

alteration of the wettability, such as temperature and pressure, location of fluid contacts, etc. 

Nevertheless, uncertainties in the relative importance of these various factors on reservoir 

wettability still exist [26]. Therefore, this section will discuss the following factors affecting 

reservoir wettability: oil and brine compositions and reservoir rock mineralogy. 

2.2.1 Oil Composition 

The crude oil composition affects reservoir wettability; however, it is hard to determine which 

components of the reservoir oil have an essential impact on wettability alteration [26]. On the 

other hand, it is widely agreed that the existence and amount of polar components, such as 

asphaltene and resin, affect the wetting state of the reservoir [26]. The polar oil components 

absorb onto the rock surface if there is no water layer between rock and oil. In the presence of 

water, the polar oil components and negatively charged mineral particles are connected by di- 

and three-valent cations that act as cation bridges, and direct adsorption is also possible [27]. 

Due to the variety of the internal structure of rocks, such as mineral surfaces and shape of pore 

space, it is hard to evaluate the underlying mechanisms by studying core samples [27]. Research 

about the effect of asphaltenes on the reservoir rock’s wetting state shows that asphaltenes in 

crude oil alter wettability towards oil-wet. In the following, some investigations are discussed 

to find out the effect of oil composition on the wettability state in the reservoir: 

- Rayes et al. [26] chose a Hungarian and a Libyan oil field to study their oil-water-rock 

system and understand how asphaltene affects the wetting state. After measuring the 

system’s contact-angle in several tests, they determined that asphaltenes can 

substantially modify the wetting characteristics of rocks. The results indicated a 

significant alteration in the wetting angle from 40°-60° to 120°, which meant that the 

oil-wet state replaced the water-wet state. 

- Liu and Buckley [28] studied wettability change by adsorption of asphaltenic 

components. As the test solid surface, a borosilicate glass microscope slide was utilized, 

and this surface was aged in four different asphaltenic crude oils. Measuring the solid 

surface’s contact angle before and after aging in crude oil gave similar results to those 

of Rayes et al. [26]. The degree of contact angle changed from 50°-70° to 170°.  
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Moreover, the studies of the main mechanisms of COBR interactions indicated that if there is 

no water layer between the solid and oil, the polar interactions between asphaltenes and solid 

are dominant. Crude oil can act as a solvent for asphaltenes and plays an essential role in the 

oil/rock system. When the oil acts as a poor solvent for asphaltenes, the system’s wetting state 

becomes more oil-wet [27]. 

Polar components in the oil can still affect the wettability in the presence of water film between 

oil and solid if the water contains calcium (Ca2+) cations. The particular reason for this 

circumstance is the act of Ca2+ as a cation bridge that connects negatively charged rock and 

polar components of oil and leads the wetting state to be oil-wet. 

2.2.2 Brine composition 

Crude oil chemistry or composition influences the wettability condition of oil/water/rock 

interactions. However, some studies about wettability alteration showed that brine chemistry or 

design also affects the system’s wettability: 

- Vijapurapu and Rao’s [29] study is based on the effects of brine dilution on the 

wettability of the oil/water/rock system where the solid surface was dolomite. They 

found that diluting the reservoir brine with deionized water can change the wetting state 

from oil-wet to intermediate wet. Moreover, the experiments done by Al-Aulaqi et al. 

[30] demonstrated how the wettability state of the oil/water/rock system was altered 

when the temperature and brine salinity were adjusted. The results indicate that reducing 

the brine salinity with monovalent cations changes the wettability of the system to more 

water-wet conditions.     

- The displacement experiments on different oil-brine systems and Berea sandstone were 

done by Tang and Morrow [31], showing that temperature increase and salinity 

reduction altered the wetting state to more water-wet. The influence of low salinity 

water on oil production and interactions between cations in brines of low and high 

salinity were studied by Fjelde et al. [32] for a sandstone with high clay content. First 

of all, the core sample was prepared with FW afterward, at initial saturation water, it 

was aged in crude oil. Then, prepared core plugs were either flooded by FW, seawater, 

low salinity water in sequence, or low salinity water directly from saturation water. The 

results showed that the high salinity FW kept the rock’s wettability in water-wet 

condition; however, low salinity water changed it to less water-wet. 
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The wettability of sandstone and dolomite tend to be water-wet in the presence of the low 

salinity water compared to brines of higher salinity [32]. Nevertheless, a different result was 

found for reservoir rock with high clay content by Fjelde et al. [32]. Where the low salinity 

water changed wettability towards oil-wet state rather than water-wet. In the previous study, 

which was mentioned in Chapter 2.2.1 [27], it was found that a higher concentration of Ca2+ 

can contribute to more water-wet conditions if the crude oil is rich with polar components. In 

other words, high salinity water is more sensitive to a high concentration of polar components 

in crude oil, so the interaction between oil/cation/rock has an essential impact on the wettability 

state of the rock. 

2.2.3 Reservoir-Rock Mineralogy 

Another essential factor for the wettability of the reservoir is rock mineralogy [33]. The 

reservoir rock characteristics are determined by its porous, permeable, and lithological 

structure, and these rocks are also known as sedimentary rocks. Moreover, sedimentary rocks 

may be made of sandstones, carbonate mud, or dolomite. Various studies were examined to 

determine how rock compositions of sandstone reservoirs and carbonate reservoirs affect 

wettability:  

- Both studies, which were done by Treiber et al. [34] and Chilingar and Yen [35], 

indicated that the wettability state in carbonated reservoirs is typically more oil-wet than 

sandstone reservoirs. Nevertheless, there are some exceptions, such as chalk on the 

Norwegian Continental Shelf (NCS).  

- Erzuah et al. [36] utilized Surface Complexation Modeling (SCM) with the help of a 

geochemical model (PHREEQ-C) for studying the wettability of the minerals (quartz, 

kaolinite, and calcite) [37]. Along with this model, similar flotation tests were examined 

for confirmation of estimated wettability state of the minerals. The oil wetness was 

found to decrease in order calcite > kaolinite > quartz. The primary wetting mechanism 

for calcite was direct adsorption of carboxylate on the positively charged calcite 

surfaces, while for quartz and kaolinite it was cation bridging. 
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2.3 CO2 Properties 

2.3.1 Physical Properties 

At normal conditions (T = 20 °C and P = 1 atm), CO2 is gaseous and its density is approximately 

1.98 kg/m3 [38]. CO2 is a colorless and odorless gas at standard temperature and pressure; 

however, CO2 also can exist as a liquid, solid, or supercritical fluid. The properties of CO2, such 

as density and viscosity, vary significantly between these phases. The phase diagram in Figure 

2.9 shows the alteration of the physical state of CO2 with pressure and temperature [38].  

 

Figure 2. 9: Phase diagram of CO2 [38]. 

At low-temperature and high-pressure conditions, the phase change from gas to liquid can be 

noticed, leading to a density increase [39]. The supercritical phase can be reached at 

temperatures and pressures higher than approximately 31.1 °C and 73.8 bars, respectively. 

There are no separate liquid and gas phases in the supercritical region. Moreover, pressure 

increase contributes to a steady rise in density [38]. The viscosity of CO2 in the supercritical 

state is like that of gas; however, density is similar to that of a liquid phase [2]. 

CO2 can usually be found in depth between 800 m and 3000 m in reservoirs, and the phase state 

is typically liquid or supercritical liquid due to the pressure and temperature conditions 

associated with these storage depths [40]. Temperature, pressure, and salinity are the main 

factors determining CO2 and the physical properties of water, such as density and viscosity [40]. 

Water can be considered incompressible due to the narrow density range even in the reservoir 

condition, while CO2 is compressible, and its density range can vary between 266 and 800 
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kg/m3. Moreover, at high-pressure conditions, CO2 density can even approach or exceed the 

water density [2]. 

2.3.2 Chemical Properties 

CO2 is the atmosphere’s component; along with it, CO2 also dissolves in the water of lakes and 

oceans [38]. The solubility of CO2 is approximately 90 cm3 per 100 ml of water at a temperature 

of 25°C, and there are various forms of CO2 in an aqueous solution. The first dissolution step 

of the gaseous CO2 [38]: 

                                                            CO2(g) ↔ CO2 (aq)                                                      (1) 

During the dissolving process in the aqueous solution, CO2 forms carbonic acid (H2CO3) from 

the reaction with water, which immediately separates into bicarbonate (HCO3
-) and carbonate 

(CO3
−2) ions [41]. These processes can be seen in the following equations: 

                                                      CO2(aq) + H2O ↔ H2CO3(aq)                                            (2) 

                                                      H2CO3(aq) ↔ HCO3
-(aq) + H+                                           (3)             

                                                      HCO3
- ↔ CO3

2−(aq) + H+                                                    (4) 

The pH of the water drops because of the release of the proton, H+, which was shown above by 

equations (3) and (4). Furthermore, the pH number can drop to three and even lower [39]. 

2.4 Fundamentals of Enhanced Oil Recovery Methods 

Commonly, oil recovery methods are divided into three stages: primary, secondary, and tertiary 

[42]. Primary recovery is the first stage of hydrocarbon production, and during this stage, 

hydrocarbons are displaced from the reservoir into the wellbore and up to the surface by natural 

reservoir energy. In the beginning, the remarkably high natural differential pressure between 

reservoir and bottom hole contributes to hydrocarbon production. Nevertheless, due to the 

production, the reservoir pressure decreases, leading to a decline in differential pressure. An 

artificial lift system such as an electrical submersible pump or rod pump can be applied to 

increase hydrocarbon production in this scenario. Two main factors indicate when the primary 

recovery reaches its limit, and these factors are a high proportion of water or gas in production 

steam and external differential pressure, which leads to non-economic production.  

Generally, only 10% of the initial oil in place can be produced during the primary recovery 

stage [43]. After primary recovery reaches its limit, usually secondary recovery stage is 
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implemented. The most common secondary recovery methods are water flooding and gas 

injection, which help control reservoir pressure and displace hydrocarbons for production. This 

stage also reaches its limit when the production is economically unreliable, and the injected 

fluid is indicated in high amounts in the production stream. However, for this stage, the recovery 

factor is higher compared to the primary recovery and can range between 15% and 40% [44]. 

However, exception in these recovery steps is NCS, where water is injected from day one, e.g., 

directly to secondary recovery.  

When the secondary recovery process becomes unprofitable, tertiary recovery methods are 

applied to improve the oil recovery of the reservoir. In tertiary operations for the oil 

displacement, the miscible gases, chemicals, and thermal energy are utilized [42]. EOR is a 

synonym term for tertiary recovery. Moreover, as EOR methods can be used in any reservoir 

development stage, the term tertiary recovery is not used so often nowadays [45]. 

 

Figure 2. 10: Oil recovery classifications [46]. 

2.4.1 Enhanced Oil Recovery 

EOR is an injection of materials that do not commonly exist in a reservoir for developing oil 

recovery [46]. As explained previously, when rock behaves more oil-wet, the recovery rate 

becomes lower. The majority of the accomplished EOR methods’ goal is to increase oil 

recovery by changing the wettability toward more water-wet [7].  

The level of the water-wet state that can be reached by the EOR method excessively relies on 

how it alters COBR properties. Moreover, for each petroleum reservoir, crude oil interaction 

processes with rock and brine are different. These procedures mainly depend on rock 

mineralogy, crude oil and brine compositions, and other reservoir properties [7]. A general 

schematic of the EOR process is shown in Figure 2.11. 
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Figure 2. 11: General schematic of enhanced oil recovery [47]. 

Very often, EOR methods are classified as given in Figure 2.12.  

 

Figure 2. 12: Classification of EOR methods [48]. 

One of the oldest methods used by engineers to increase oil recovery is a gas injection [47], 

[49]. And the most common gas injection method is CO2 flooding due to its high productivity 

and cost-effectiveness. More detailed information about CO2 effectiveness in recovery is given 

in the next chapter. 

2.4.2 Carbon Dioxide Flooding 

The injection of CO2 into an oil reservoir to increase the oil recovery factor is known as a CO2 

flooding process (CO2-EOR) [48]. There are several reasons why CO2 flooding is effective for 

oil recovery, such as reducing crude oil viscosity, swelling of crude oil, miscibility effects, an 

increase of injectivity, and internal solution gas drive [50]. During CO2 flooding, CO2 swells 

the net volume of oil and decreases its viscosity even before vaporizing gas drive mechanism 

achieves miscibility. It is because of the high solubility of CO2 in crude oil at reservoir pressures 

[47].  
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CO2 flooding is more effective in reservoirs deeper than 2000 ft, where it will reach its 

supercritical state and be miscible with crude oil, with oil gravity higher than 22-25° [51]. As a 

result of the written above, it can be concluded that the primary mechanism in CO2 flooding is 

a generation of miscibility between the oil and the CO2, and it can exist in crude oil and CO2 

system if the pressure is high enough. This pressure level is also known as Minimum Miscibility 

Pressure (MMP) and has been a target of several laboratory investigations [47]. Correlation 

between the API gravity and the required MMP shows that temperature growth tends to increase 

the MMP. It was demonstrated by the 1976 National Petroleum Council (NPC) report [52]. 

Furthermore, some studies showed that the reservoir pressure should be high enough to reach 

minimum density in the CO2 phase [53], [54]. CO2 acts as a suitable solvent for the oil at the 

minimum density state, and MMP can be generated to provide the efficient displacement of the 

crude oil. Therefore, higher pressures are needed at more elevated temperatures to increase the 

CO2 density to the same value as observed for the MMP at the lower temperature. Alteration of 

MMP with oil composition and the temperature is given in Figure 2.13. 

 

Figure 2. 13: Correlations for CO2 minimum miscibility pressure [55]. 

Before starting CO2 flooding, the first action is to restore reservoir pressure to one suitable for 

production if the reservoir is very depleted [51]. It can be achieved by injecting water with the 

production well shutoff. After pressure development, CO2 can be injected into the same 

injection wells used to restore pressure. Afterward, CO2 is required to come into contact with 

the oil, and this process creates a miscible zone that can be transferred to the production well. 

More water can be injected during CO2 flooding, where water sweeps oil to the production zone 

[51]. The CO2 miscible process is illustrated in Figure 2.14. 
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Figure 2. 14: CO2 miscible process [42]. 

Mobility control of the injected CO2 is poor due to low viscosity. Moreover, CO2 tends to finger 

and breakthrough to the producer well, leaving large reservoir areas unswept. This issue can be 

solved by injecting alternating slugs of gas and water, known as a Water-Alternating-Gas 

process (WAG). Utilizing the WAG process can decrease viscous instabilities, which 

contributes to oil recovery increase. During the gas injection, gas can still tongue upwards in 

the formation away from the wells, while in the water cycle, water can move downward [51], 

[56]. The vertical permeability and density difference between the gas and reservoir fluid leads 

to the segregation of fluids. This process is visualized in the plot given in Figure 2.15. One of 

the essential factors during the WAG process is adjusting the correct volume of injected water 

and gas. Otherwise, too much water or too much gas can provide weak vertical sweep efficiency 

[56]. 

 

Figure 2. 15: During WAG, gas can move upward owing to its low density, while injected water can move downwards [57]. 

Earlier, the majority of the CO2 utilized for EOR has been derived from naturally occurring 

reservoirs. However, modern technologies can produce CO2 from industrial applications such 

as fertilizer, natural gas processing, ethanol, and hydrogen plants [51]. Dakota Gasification 
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Company’s plant in Beulah, North Dakota, can be shown as an example of where CO2 is 

produced and transferred by a new 204 mi pipeline to the Weyburn oil field Saskatchewan, 

Canada. In this oil field, for extending the field’s productive life, CO2 is injected, and this 

process can add another 25 years and around 130 million barrels of oil to the reservoir’s 

production process. 

2.5 Previous Work on Wettability Alteration 

Wettability alteration is a practical approach to EOR [27]. There are several main factors 

affecting wettability alteration: rock surface mineralogy, oil composition, brine chemistry, and 

system temperature, pressure and saturation history [27]. Previous works on wettability 

alteration have attempted to answer how these factors affect the wetting state of the individual 

minerals and reservoir rocks by simulations and laboratory work. Each has its pros and cons, 

so its association is vital for understanding the wettability alteration process. 

2.5.1 Experimental Work 

Determining the wettability alteration during the water and CO2 flooding is a complex process 

in the real reservoir [6]. It is essential to perform experiments on a small scale in the laboratory, 

representing the processes occurring on a large scale in the reservoir. Previous experimental 

work on wettability alteration mentioned in this study includes core experiments and flotation 

tests. Researchers have demonstrated experimentally that the wetting state of the reservoir can 

be changed due to brine injection. Moreover, temperature and pressure effects on the wettability 

preferences of the minerals were also discussed. 

2.5.1.1 Core Experiments 

Core flooding experiments demonstrated that the oil recovery factor is maximum in neutral or 

slightly oil-wet cores [58], [59]. To investigate the effect of the wetting state on oil recovery, 

Al-Mutairi et al. [6] worked on wettability alteration during CO2 immiscible flooding under 

low pressures in a watered-out reservoir condition. The study included experiments to measure 

the oil/brine contact angle on a core piece taken from a carbonate core in the presence of CO2. 

The contact angle was determined at various times until equilibrium was gained. A simple 

model which predicts wettability alteration with time was developed [6]. 

Al-Mutairi et al. [6] planned to start with an oil-wet porous medium fully saturated with water 

at residual oil saturation and inject CO2 gas into the system. The wetting state was expected to 

be altered from oil-wet to intermediate-wet as CO2 was exposed through the oil and water to 
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the rock surface. The difference in concentrations of CO2 molecules has an essential role in 

controlling the diffusion. The diffusion rate would diminish exponentially with time as such 

difference decreases [60]. The change in the contact angle was found to be directly linked to 

the concentration of CO2 at the oil/rock surface. As the value decreased exponentially with 

time, the contact angle also exponentially decreased exposure time (Figure 2.16). 

 

Figure 2. 16: Contact angle variation with CO2 exposure time [6]. 

The connection between wetting state and CO2 exposure time can be given as follows based on 

the above concept: 

                                                                   θ = ae-bt + c                                                         (2.6) 

where: 

θ = contact angle 

t = CO2 exposure time 

a, b, and c = constants related to rock and fluid compositions as well as aging history 

and process parameters 

Analysis of Eq (2.6) demonstrated that c is the ultimate contact angle (θmin) achieved at infinite 

exposure time (i.e., t → ∞). The difference between the initial contact angle (θi) and θmin equals 

constant a. Constant b is relevant to the time when the contact angle is almost equal to θmin. 

Such time can be defined as stabilization time (tsb), and b can be given as b = 𝜀/tsb, where 𝜀 is a 

constant.  

Utilizing all the above parameters, Eq (2.6) can then be rewritten in dimensionless form as  

                                                            
θ− θmin

θmin
 = 

θi−θmin

θmin
e-ε/tsb                                                                 (2.7) 



24 

 

Defining dimensionless contact angle as θD = (θ – θmin)/ θmin and dimensionless time as tD = 

t/tsb, Eq (2.7) can be given: 

                                                                   θD = θDie-ε/tD                                                                                      (2.8) 

where 

                                                                  θDi = 
θi−θmin

θmin
                                                        (2.9) 

Al-Mutairi et al. [6] utilized eight components in their experimental setup, as illustrated in 

Figure 2.17. For controlling CO2 injection, the CO2 cylinder was linked to a visual cell through 

a regulator. Moreover, the temperature and pressure of the visual cell were controlled 

throughout the experiment. 

 

Figure 2. 17: Diagram of the experimental set-up [6]. 

The experiment was performed with two different brine CO2 concentrations (0.0004 mol% for 

Run # 1 and 0.0008 mol% for Run # 2). Measured contact angles for these two cases were given 

in Figure 2.18. The contact angle measurement method was explained in Chapter 2.1.3. The 

results showed that CWI into carbonate rock causes alteration of the rock wettability from an 

oil-wet to an intermediate-wet state, and increasing CO2 concentration in the brine leads to more 

alteration of the wetting state. Finally, after a short period, the COBR contact angle gained a 

new stable value.   
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Figure 2. 18: Plot showing raw experimental data for Run # 1 and Run # 2 [6]. 

Another core experiment for visualization wettability alteration was done by Fjelde et al. [61]. 

The primary purpose of their study was to determine the wettability preference of the reservoir 

chalk rock after water flooding with FW, after spontaneous imbibition and water flooding by 

seawater, and after the first cycle of water alternating CO2 flooding (CO2-WAG). In the 

experiments, core plugs from a fractured chalk reservoir in the North Sea were utilized, and 

easily accessible sulfate was removed from the core plugs. Afterward, the wettability 

preferences of the chalk rock were determined by using stock tank oil (STO). The wettability 

conditions were characterized by the spontaneous imbibition of water and the water-wet area 

obtained by the sulfate wettability test.  

First, the reservoir chalk plug was flooded by FW, and it appeared to be close to mixed-wet or 

preferential oil-wet. However, after spontaneous imbibition and viscous flooding with seawater, 

the wettability state of the core plugs became more water-wet than for the core plugs water 

flooded by the FW. Moreover, after applying CO2 flooding on the same core plug, most of the 

oil was produced, and the wettability was altered toward more water-wet. Therefore, in the 

CO2-WAG flooding experiments, the water-wet area of the core plug was also increased. 

Zhang et al. [62] performed experiments using the captive bubble method to characterize the 

wettability of sandstone rocks and their mineral components before and after CO2 injection. 

Berea and Obernkirchener sandstones were used as sample rocks in these experiments, and their 

mineral components were determined by applying X-ray Powder Diffraction and X-Ray 

Fluorescence Analysis. From the analysis, Zhang et al. [62] concluded that sandstones consisted 

of five dominant minerals: quartz, kaolinite, chlorite, microcline, and muscovite. The 
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wettability preferences were estimated using Scanning Electron Microscopy and Energy 

Dispersive X-ray Spectroscopy analyses. From the results, it was observed that the wetting state 

of the sandstones was strong water-wet. Furthermore, before CO2 injection, quartz was strong 

water-wet, while kaolinite, chlorite, and muscovite were weak water-wet. After applying CO2, 

the wettability preferences of the minerals altered toward more water-wet. 

To better understand the temperature and pressure effect on the wetting state of the minerals 

and reservoir rocks, Zhang et al. [63] performed a core experiment using the captive droplet 

method. The experiment was performed in wettability measurement apparatus DSA100HP 

(Figure 2.19) to estimate the wettability preferences of seven minerals and two reservoir rocks 

at different temperatures and pressures. During the experiment, the temperature ranged from 

35°C to 110°C, and the pressure ranged from 10 to 70 MPa. On the basis of the experimental 

results, increasing pressure from 10 to 70 MPa had no noticeable effect on the wetting state of 

the mineral, nevertheless of mineral types, in the COBR system. In contrast, the temperature 

effect on wettability depended on the wettability preferences of the mineral. For the water-wet 

mineral influence of the temperate was significant. Increasing temperature altered the 

wettability of the mineral toward more water-wet. However, for oil-wet and neutral-wet 

samples, the temperature impact on the wettability alteration was relatively weak. 

 

Figure 2. 19: Schematic diagram of the wettability measurement apparatus [63]. 

2.5.1.2 Flotation Test 

Erzuah et al. [64] investigated the wettability preferences of the individual minerals, reservoir 

rocks, and mineral mixtures by using the flotation test and SCM. Nevertheless, in this chapter, 

only the flotation test results were presented. Flotation tests were performed for five dominant 

minerals in two sandstone reservoir rocks. Minerals existing in these reservoir rocks were: 
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quartz, albite, illite, montmorillonite and calcite. Besides minerals, two sandstone reservoirs 

and four PSR/mineral mixtures were also involved in these experiments. Mineral mixtures were 

designed to evaluate the impact of increasing surface area and calcite content; more detailed 

information was given in Chapter 3. 

The experiment procedure started by selecting reservoir rock, crush it and sieve it through the 

mesh. Then, the sieved reservoir rock was taken and aged in the desired brine at the designated 

reservoir temperature (80°C) for two days (Section Ⅰ of Figure 2.20). Afterward, the brine phase 

was split and kept for later use; meanwhile, the wet rock was aged with STO at the same 

temperature, intermittent stirring (Section Ⅱ of Figure 2.20). The second part of the experiment 

imitated the rock fluid interactions in the reservoir during the accumulation of crude oil. 

Moreover, at the end of the second process, the separated brine was added to the aged rock to 

represent COBR interactions in the reservoir (Section Ⅲ of Figure 2.20).  The wetting state was 

determined based on the concentration of the rock/mineral sample in each fluid phase. Since it 

was challenging to separate the oil-phase from the oil-wet particles, unlike water-wet particles, 

the oil was discarded while the brine phase was filtered (Section Ⅳ of Figure 2.20). The next 

step was drying the filter cake until a constant weight was achieved. The difference between 

the initial weight of the chosen rock/mineral sample and the dried water-wet rock was used to 

calculate the concentration of the oil-wet particles. Furthermore, similar flotation experiments 

were carried out for mineral and mineral mixtures to estimate their wettability preferences. 

More detailed explanation of the flotation tests can be found in other literature [65]–[67]. 

 

Figure 2. 20:  Flow chart of the flotation experiment [64]. 
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Results from flotation tests for individual minerals and sandstone reservoir rock/mineral 

mixtures were given in Figure 2.21 and Figure 2.22, respectively [64]. From Figure 2.21, it can 

be observed that the quartz was strongly water-wet, while calcite acted as strongly oil-wet. The 

wettability preference of the montmorillonite was more oil-wet than illite and albite. In other 

words, increasing order of the mineral hydrophobicity was given as quartz < albite < illite < 

montmorillonite < calcite.  

 

Figure 2. 21: Flotation tests results of the minerals [64]. 

From Figure 2.22, it can be observed that SRR#1 and SRR#2 were strongly water-wet, while 

PSR#4 acted as strongly oil-wet due to high calcite content. The wettability preferences of the 

other mineral mixtures were more hydrophobic than sandstone reservoir rocks (SRR#1 and 

SRR#2) and less hydrophobic than PSR#4. 

 

Figure 2. 22: Flotation test results of the sandstone reservoir rocks and mineral mixtures [64]. 
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2.5.2 Simulations 

There were some modeling studies on the determination wettability preferences of reservoir 

rocks and their dominant minerals. One of these simulation work principles is based on SCM. 

The SCM can be defined as a chemical model that uses an equilibrium approach to give a 

molecular description of adsorption phenomena [68].  

The SCM is an economically attractive technique for characterizing the wetting state of 

minerals under reservoir conditions. Brines’ ionic composition and the minerals’ properties 

were utilized as input to the model. Besides, the polar oil components in the crude oil were 

transformed into their equivalent base and organic acid concentrations to be used as inputs to 

the model. The electric-double-layer model that was utilized in the SCM was the diffuse-layer 

model. 

One of the essential features of the SCM is the possibility of studying electrostatic pair linkages 

existing between mineral/brine and oil/brine interfaces for a given reservoir condition. The 

fundamental reasons for the various SCMs are the location and surface configuration of the 

adsorbed ion at the rock/brine interface. The SCM can be termed a two-pK model that includes 

constant capacitance, diffuse layer, and triple-layer if the reactive surface functional group can 

experience protonation and deprotonation [68].  

The previous work on SCM presented in this chapter is the second part of the Erzuah et al. [64] 

work where the prediction of the flotation tests via SCM was given. In their investigation, the 

attractive electrostatic interaction between the mineral-brine and oil-brine interfaces was 

studied using SCM to understand better the wetting state of the individual minerals, SRR, and 

PSR. Figure 2.23 and Figure 2.24 showed that the SCM could capture the trend of the flotation 

test results (Figure 2.21 and Figure 2.22). The results from SCM were defined by Total Bond 

Product (TBP), which is the sum of attractive electrostatic forces between the oil-brine and the 

rock-brine interfaces. More detailed information about the method is given in Chapter 3. 
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Figure 2. 23: Prediction of the oil adhesion tendencies of the individual minerals during the flotation test via SCM [64]. 

 

Figure 2. 24: Prediction of the oil adhesion tendencies of the reservoir rocks and mineral mixtures during the flotation test 

via SCM [64]. 
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3   Simulation Method 

In this section, input parameters of the simulation method are presented, such as individual 

minerals, mineralogical composition of the reservoir rocks and mineral mixtures. Furthermore, 

the properties of STO and brine types can be observed from the given tables in the present 

chapter.  Moreover, the SCM method is also defined to understand the working principle of this 

method. 

3.1 Minerals and Reservoir Rocks 

The wettability of minerals and reservoir rocks at given conditions was estimated by using 

SCM. The simulation was performed for five dominant minerals in two sandstone reservoir 

rocks. Minerals existing in these reservoir rocks were: quartz, albite, illite, montmorillonite and 

calcite. The sandstone reservoir rocks were denoted by SRR#1 and SRR#2, respectively. 

Moreover, PSR/mineral mixtures were created to estimate the effect of increasing calcite 

content and surface area. For understanding the impact of the surface area on the wettability, 

mineral mixtures were obtained by increasing the desired mineral content in the Sandstone 

Reservoir Rock#1. In other words, PSR#1 and PSR#2 were prepared by replacing 25% and 

50% in SRR#1 rock mass with the illite, respectively. A similar method was applied to 

designing PSR#3 and PSR#4, but the altering mineral was calcite instead of the illite. The 

mineralogical composition of the sandstone reservoir rocks (SRR) and mineral mixtures are 

given in Table 3.1. The weight of the individual minerals and reservoir rocks was set to 0.2 g 

in each simulation. Reservoir temperature and pressure were assumed to be 90°C and 1 bar, 

respectively. 

Minerals SRR#1 SRR#2 PSR#1 PSR#2 PSR#3 PSR#4 

Quartz 83.3 94.9 62.8 41.9 62.8 41.9 

Albite 3.3 4.0 2.5 1.6 2.5 1.6 

Montmorrolite 3.9 0.0 2.9 1.9 2.9 1.9 

Illite 8.8 0.4 31.6 54.4 6.6 4.4 

Siderite 0.0 0.5 0.0 0.0 0.0 0.0 

Calcite 0.3 0.2 0.2 0.2 25.2 50.2 
 

Table 3. 1: Mineralogical composition (weight percent) of the reservoir rocks and the mineral mixtures. 

3.2 Properties of Stock Tank Oil and Brine Types 

Properties of stock-tank oil (STO) and ionic composition of the synthetic FW employed in this 

study are given in Tables 3.2 and 3.3, respectively. 
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Fluid Density (g/cm3) at 20°C TAN (mg KOH/g oil) TBN (mg KOH/g oil) 

STO#1 0.86 0.10 1.90 

STO#2 0.90 0.38 2.30 
 

Table 3. 2: Density, TAN, and TBN of STOs. 

Ion FW#1 (mmol/L) FW#2 (mmol/L) 

Na+ 1326.26 701.88 

K+ 5.62 7.11 

Mg2+ 17.46 23.90 

Ca2+ 147.94 72.85 

Sr2+ 8.44 1.65 

Ba2+ 0.00 0.04 

Cl- 1677.67 898.69 

SO4
2- 0.89 3.59 

Density(g/cm3) at 20°C 1.07 1.04 
 

Table 3. 3: Ionic compositions of the brines. 

Two different CW solutions were prepared and applied in this study for a better understanding 

of the wettability alteration of the individual minerals, sandstone reservoir rocks (SRR#1 and 

SRR#2) and pseudo sandstone rock/mineral mixtures (PSR#1, PSR#2, PSR#3 and PSR#4) 

during CWI. Carbonated water (CW#1 and CW#2) was obtained by dissolving the 2 mmol/l of 

carbon gas into the ionic composition of synthetic formation water (FW#1 and FW#2) (Table 

3.4). The temperature and pressure at which CW was formed were 90°C and 300 bar, 

respectively. 

Ion CW#1 (mmol/L) CW#2 (mmol/L) 

Na+ 1326.26 701.88 

K+ 5.62 7.11 

Mg2+ 17.46 23.90 

Ca2+ 147.94 72.85 

Sr2+ 8.44 1.65 

Ba2+ 0.00 0.04 

Cl- 1677.67 898.69 

SO4
2- 0.89 3.59 

CO3
2- 2 2 

Density(g/cm3) at 20°C 1.07 1.04 
 

Table 3. 4: Ionic compositions of the carbonated waters. 

3.3 The Electrostatic Pair Linkages 

The attractive electrostatic forces between the oil-brine and the rock-brine interfaces result in 

the oil adhesion is defined by Bond Product (BP) [69]. The BP is represented as the product of 

the multiplied mole fraction of the differently charged oil (Oi) and mineral (ni) sites: 

                                                                  BP = Oini                                                            (3.1) 
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TBP is the sum of all BP for a given mineral or rock. With the help of the TBP, the wettability 

state is defined by predicting oil’s tendency to be adsorbed onto the mineral surface in SCM. 

In Figure 3.1, ”>” and “<” represent the mineral and oil surface groups, respectively.TBP is 

defined as: 

                                                                TBP = ∑ 𝐵𝑃𝑛
𝑖 i                                                        (3.2) 

 

Figure 3. 1: The electrostatic pair linkages existing between the rock-brine and oil-brine interfaces with unlike charges. 

In the dominant electrostatic pair linkages, oil adsorption on mineral can occur by different 

mechanisms: direct adsorption of carboxylate (>COO-) onto the positive mineral sites (>SOH2
+, 

>CO3Ca+, >CO3Mg+, >CaOH2
+) and by bridging carboxylate (>COO-) and negative mineral 

surfaces (>SO-, >CO3
-, >CaO-, >CaCO3

-, >CaSO4
-) by divalent cations (Ca2+ and Mg2+). 

Mineral and oil surfaces dissociate when they contact brine, and dissociation and interaction 

between the dissociated surface and ions from the brine leads to a surface charge and potential 

generation. Table 3.5 illustrates surface reactions and reaction parameters that were used in the 

model. The surface charge was solved by the sum of the various surface complexes formed by 

the reactions. The surface potential was estimated from the surface charge with a diffuse-layer 

model. 

3.4 The SCM Input Parameters 

In crude oil, surface-active components are divided into acidic (>COOH-) and basic (>NH+) oil 

groups. The minerals are also represented by their respective mineral site ( >Si-O-H, >CO3H, 

and >CaOH). The surface reactions of oil and their reaction constants were taken from Brady 

and Krumhansl’s paper, where similar reactions were performed [70]. The surface area and site 
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densities for quartz and albite were given by Sverjensky and Sahai [71], while enthalpy was 

obtained from similar kaolinite reactions [72]. For the illite and montmorillonite, the surface 

area and site densities were obtained from Gu and Evans [73] and Wieland et al. [74]. Also, the 

temperature-dependent reaction constants for illite and montmorillonite were taken from a 

similar reaction for kaolinite [72]. The surface area, site density, and reaction constants of the 

calcite were gained from Hjuler and Fabricius [75], Wolthers et al. [76], and Van Capellen et 

al. [77], respectively. 

Reaction Log K at 20°C Enthalpy (kJ/mol) 

Oil surface a 

>NH+ ↔ >N + H+ 

>COOH ↔ >COO- + H+ 

>COOH + Ca2+ ↔ >COOCa+ + H+ 

>COOH + Mg2+ ↔ >COOMg+ + H+ 

 

-6.0 

-5.0 

-3.8 

-4.0 

 

34.0 

0.0 

1.2 

1.2g 

Quartz b 

>Si-O-H + H+ ↔ Si-O-H2
+ 

>Si-O-H ↔ Si-O- + H+ 

 

-1.1 

-8.1 

 

-26.4 

8.4 

Albite c 

>Si-O-H + H+ ↔ Si-O-H2
+ 

>Si-O-H ↔ Si-O- + H+ 

 

1.9 

-8.5 

 

-26.4 

8.4 

Illite d 

>Si-O-H + H+ ↔ Si-O-H2
+ 

>Si-O-H ↔ Si-O- + H+ 

H+ + NaXill ↔ HXill + Na+ 

 

7.43 

-8.99 

1.58 

 

24.3h 

18.8i 

Montmorrolite e 

>Si-O-H + H+ ↔ Si-O-H2
+ 

>Si-O-H ↔ Si-O- + H+ 

H+ + NaXm ↔ HXm + Na+ 

 

5.4 

-6.7 

4.6 

 

0 
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Calcite f 

>CO3H ↔ >CO3
- + H+  

>CO3H + Ca2+ ↔ >CO3Ca+ + H+ 

>CO3H +Mg2+ ↔ >CO3Mg+ + H+ 

>CaOH + H+ ↔ >CaOH2
+ 

>CaOH ↔ >CaO- + H+ 

>CaOH + 2H+ + CO3
2- ↔ >CaHCO3 + H2O 

>CaOH + CO3
2- + H+ ↔ >CaCO3

- + H2O 

>CaOH + SO4
2- + H+ ↔ >CaSO4

- + H2O 

 

-4.9 

-2.8 

-2.2 

12.2 

-17.0 

24.2 

15.5 

13.9 

 

-5.0 

25.7 

4.5 

-77.5 

116.4 

-90.7 

-61.6 

-72.0 

a  after Brady and Krumhansl [70] 

b and c after Sverjensky and Sahai [71], [72] 

d after Gu and Evans [73] 

e after Wieland et al. [74] 

f after Wolthers et al. [76] 

g enthalpy during Mg2+ reaction with >COOH was assumed to be 

the same as that of Ca2+ 

h and i assumed to be the same as similar reactions as kaolinite 

  

 

Table 3. 5: SCM input parameters. 
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The surface reactions and reaction constants of the minerals were utilized for reservoir rocks 

and mineral mixtures. Besides, the effective surface area (Aeff) of the rock (mineral mixture) 

was used as input into the SCM, and it is given by the relation:  

                                                                  Aeff = ∑  ∞
𝑛=1 miAi                                                 (3.3) 

Where: 

Aeff = Effective surface area (m2/g) 

mi = Mass fraction of mineral I (dimensionless) 

Ai = Intrinsic surface area of mineral I (m2/g)  

For the STO, site density was obtained by converting the Total Acid Number (TAN) and Total 

Base Number (TBN) of the STO into their respective organic acid and base component with 

the assumption that the surface area of the oil is the same as its respective mineral surface. The 

TAN/TBN were converted to their respective oil site density using: 

   Oil-site density (site/nm2) = 
TAN or TBN (mg

KOH

g
oil)

Mw KOH (
g

mol
)

 × 
Avogadro′s number

Surface area (
m2

g
)

                   (3.4) 

where Mw is the molecular weight. The intrinsic properties of minerals/rocks, such as site 

densities and the effective surface area, and STO estimated site density are given in Table 3.6 

and 3.7, respectively. 

All these simulations were performed with the geochemistry solver PHREEQ-C [78]. 

PHREEQ-C is mainly utilized in groundwater chemistry and is increasingly used to perform 

reactions in the oil reservoir. It can simulate various reactions such as mineral equilibrium in 

brine, brine speciations, mineral-reaction kinetics, electromigration, and surface complexation. 

Surface Site Density (site/nm2) Surface Area (m2/g) 

Quartz 10.00 1.20 

Albite 1.155 1.20 

Illite 1.37 66.8 

Montmorrolite 5.7 3.0 

Calcite 4.90 2.00 

Kaolinite 1.16 10.0 

SRR#1  7.0 

SRR#2  1.5 

PSR#1  22.0 

PSR#2  36.9 

PSR#3  5.8 

PSR#4  4.5 
 

Table 3. 6: Properties of minerals and reservoir rocks. 
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Surface Oil Site STO#1 Site Density (site/nm2) STO#2 Site Density (site/nm2) 

Quartz >COOH 

>NH+ 

0.89 

16.99 

3.40 

20.56 

Albite >COOH 

>NH+ 

0.89 

16.99 

3.40 

20.56 

Illite >COOH 

>NH+ 

0.02 

0.31 

0.06 

0.37 

Montmorillonite >COOH 

>NH+ 

0.36 

6.79 

1.36 

8.23 

Calcite >COOH 

>NH+ 

0.54 

10.20 

2.04 

12.34 

Kaolinite >COOH 

>NH+ 

0.10 

2.04 

0.41 

2.47 

SRR#1 >COOH 

>NH+ 

0.15 

2.89 

0.58 

3.50 

SRR#2 >COOH 

>NH+ 

0.73 

13.85 

2.77 

16.76 

PSR#1 >COOH 

>NH+ 

0.05 

0.93 

0.19 

1.12 

PSR#2 >COOH 

>NH+ 

0.03 

0.55 

0.11 

0.67 

PSR#3 >COOH 

>NH+ 

0.19 

3.52 

0.70 

4.27 

PSR#4 >COOH 

>NH+ 

0.24 

4.51 

0.90 

5.46 
 

Table 3. 7: Estimated oil site densities of the STO used. 
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4   Results 

The SCM was used to estimate the wettability by evaluating the oil-adhesion tendencies caused 

by the electrostatic pair linkages during rock/brine/oil interactions. The results obtained from 

simulations with FW and CW for minerals were presented to investigate the alteration wetting 

preferences of individual minerals during CWI. Besides, the oil-brine and mineral-brine 

interactions that led to the adhesion of oil onto the mineral surfaces were also assessed via SCM. 

Only the most dominating interactions were shown in the plots, as less essential interactions 

have minimal effect on the wettability preferences of the mineral. Afterward, the same 

procedures were done for reservoir rocks and mineral mixtures (SRR and PSR). Erzuah et al. 

[62] performed the same type of simulations for rock/mineral in FW in their work, which was 

given in Chapter 2.5.  

4.1 Minerals 

4.1.1 Total Bond Product 

i. Formation water 

The SCM can characterize wettability by estimating the tendency of oil to be adhered to a 

surface using TBP. Figure 4.1 represents the TBP for each mineral during Formation Water 

Injection (FWI). From the SCM results, it can be concluded that quartz is strongly water-wet 

(max TBP < 0.1), while calcite is strongly oil-wet (min TBP > 0.8). On the other hand, 

montmorillonite is more hydrophobic than illite, albite, and quartz. Hence, the increasing order 

of the mineral hydrophobicity is given as quartz < albite < illite < montmorillonite < calcite.  

 

Figure 4. 1: Prediction of the oil-adhesion tendencies of minerals using the total bond product during FWI. 
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ii. Carbonated water 

After applying CW instead of FW, some alterations in the minerals’ TBP can be observed. The 

results in Figure 4.2 illustrate that calcite is not acting as strong oil-wet anymore (max TBP < 

0.4), and other minerals are more hydrophilic compare to results with FW (Figure 4.1). The 

increasing order of the mineral hydrophobicity also changed slightly, where illite and 

montmorillonite swapped their places; quartz < albite < montmorillonite < illite < calcite. 

  

Figure 4. 2: Prediction of the oil-adhesion tendencies of minerals using the total bond product during CWI. 

4.1.2 Mechanisms of Oil Adhesion in Quartz 

i. Formation water  

Figure 4.3 demonstrates that during FWI, quartz can be considered a strongly water-wet as all 

BPs are less than < 0.1. For quartz, the most dominant attractive electrostatic pair linkage exists 

between >SO- and >COOCa+ and the least dominant electrostatic pair linkage is between >SiO- 

and >NH+. It can be explained by the fact that the carboxylic acidic components of the STO 

have a more intense effect on the wetting parameters than the basic components. It can be 

noticed that two negatively charged surfaces are bridged by divalent cations (Ca2+, Mg2+) in 

oil-brine and quartz-brine interactions. 
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Figure 4. 3: Prediction of the oil-adhesion tendency of quartz using the bond product during FWI. 

ii. Carbonated water 

The results presented in Figure 4.4 give evidence that CWI decreases the electrostatic pair 

linkage in oil-brine and quartz-brine interactions (max BP ≈ 0)  and oil’s tendency to be adhered 

onto a surface. In addition, these reductions contribute to an increase in mineral hydrophilicity. 

 

Figure 4. 4: Prediction of the oil-adhesion tendency of quartz using the bond product during CWI. 
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4.1.3 Mechanism of Oil Adhesion in Albite 

i. Formation water 

From Figure 4.5, albite can also be considered as a water-wet mineral like quartz. However, 

compared with quartz, albite is less hydrophilic as dominant BP between >SO- and >COOCa+ 

is more than > 0.1. The interactions in the albite-brine and oil-brine interfaces are dominated 

by divalent cations (Ca2+, Mg2+) bridging. Similar to quartz, the electrostatic pair linkage 

between the acidic component of the oil and the mineral surface significantly contributes to the 

oil adhesion mechanism in albite.  

 

Figure 4. 5: Prediction of the oil-adhesion tendency of albite using the bond product during FWI. 

ii. Carbonated water 

It can be observed from Figure 4.6 that, after applying CW instead of FW like in quartz, the 

albite wettability preferences alter towards more hydrophilic as the BP for the dominant 

electrostatic pair linkages decrease sharply (max BP ≈ 0). 
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Figure 4. 6: Prediction of the oil-adhesion tendency of albite using the bond product during CWI. 

4.1.4 Mechanism of Oil Adhesion in Illite 

i. Formation water 

From Figure 4.7, it can be seen that illite in FW is more oil-wet (max BP ≈ 0.2)  than albite and 

quartz (max BP ≈ 0.1 and max BP < 0.1, respectively). Moreover, as opposed to quartz and 

albite, in oil-brine and illite-brine interactions, dominant electrostatic pair linkage is between 

carboxylate (>COO-) and positive illite surface (>SOH2
-). Besides, bridging of negative oil and 

mineral surfaces by divalent cations such as Ca2+ and Mg+ also occur in these interactions. 

Similar to previously mentioned minerals (quartz, albite), contributions from basic oil 

components are also negligible compared to acidic components. 

 

Figure 4. 7: Prediction of the oil-adhesion tendency of illite using the bond product during FWI. 
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ii. Carbonated water 

It can be observed from Figure 4.8 that the wettability state of illite is slightly altered after using 

CW towards more water-wet (max BP < 0.15) compared to previous results with FW (max BP 

≈ 0.2). The interactions in the albite-brine and oil-brine interfaces are still dominated by direct 

adhesion of carboxylate (>COO-) onto the positive illite surface. In contrast, BPs for less 

dominant oil adhesion mechanisms (by divalent cations) decreases drastically, contributing to 

the wettability alteration of illite toward more hydrophobic. 

 

Figure 4. 8: Prediction of the oil-adhesion tendency of illite using the bond product during CWI. 

4.1.5 Mechanism of Oil Adhesion in Montmorillonite 

i. Formation water 

From Figure 4.9, it can be seen that montmorillonite in FW (max BP ≈ 0.25) is less hydrophilic 

than illite (max BP ≈ 0.2), albite (max BP ≈ 0.1), and quartz (max BP < 0.1). The dominant 

electrostatic pair linkage in the oil adhesion mechanism on the mineral is cation bridging (Ca2+, 

Mg2+), similar to albite and quartz. Also, in oil adhesion onto montmorillonite, the contribution 

of the basic components (>NH+) in the oil is insignificant as compared to the acidic component 

(>COO-). 
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Figure 4. 9: Prediction of the oil-adhesion tendency of montmorillonite using the bond product during FWI. 

ii. Carbonated water 

It can be observed from Figure 4.10 that, after applying CW instead of FW, the dominant 

electrostatic pair linkage between oil-brine and montmorillonite-brine interactions alter from 

the cation bridging mechanism (Ca2+, Mg2+) to direct adhesion of carboxylate (>COO-) onto 

the positive mineral surface (>SOH2
+). Besides, the basic component (>NH+) contribution in 

the oil becomes significant in the oil adhesion mechanism. These changes in the oil adhesion 

mechanism contribute wettability state of montmorillonite switch toward less water-wet. Even 

Figure 4.10 illustrates that BP for non-dominant electrostatic pair linkages (>SO- ↔ >COOCa+ 

and >SO- ↔ >COOMg+) remarkably decrease (max BP ≈ 0). 

 

Figure 4. 10: Prediction of the oil-adhesion tendency of montmorillonite using the bond product during CWI. 
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4.1.5 Mechanism of Oil Adhesion in Calcite 

i. Formation water 

It can be observed from Figure 4.11 that the wettability preferences of the calcite in FW are 

toward strong oil-wet as the BP for the dominant electrostatic pair linkages (>CaOH2
+ ↔ 

>COO-) is more significant than 0.4 (≈ 0.43 – 0.63) compared to montmorillonite (max BP ≈ 

0.25), illite (max BP ≈ 0.2), albite (max BP ≈ 0.1), and quartz (max BP < 0.1). The direct 

adhesion of carboxylate (>COO-) onto a positively charged calcite site also occurs, like in 

montmorillonite (>SOH2
+) and illite (>SOH2

+). Nevertheless, BP for calcite (>CaOH2
+ ↔ 

>COO-) is higher than illite and montmorillonite (>SOH2
+ ↔ >COO-), estimating the mineral’s 

hydrophobic nature. In addition, the cation bridging by divalent cations (Ca2+, Mg2+) also takes 

place in oil adhesion mechanisms onto calcite like in other minerals (quartz, albite, illite, 

montmorillonite). One more similarity with previous mineral/brine/oil interactions is the 

insufficient effect of the basic component (>NH+)  in the oil adhesion mechanisms compared 

to the acidic component (>COO-). 

 

Figure 4. 11: Prediction of the oil-adhesion tendency of calcite using the bond product during FWI. 

ii. Carbonated water 

The difference between a BP for dominant electrostatic pair linkages before (max BP ≈ 0.6) 

and after (max BP ≈ 0.3) applying CW demonstrates the wettability alteration of calcite. In 

addition, the diminishing in the BPs leads calcite to become less hydrophobic (Figure 4.12).   
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Figure 4. 12: Prediction of the oil-adhesion tendency of calcite using the bond product during CWI. 

4.2 Reservoir Rock and Mineral Mixtures 

4.2.1 Total Bond Product 

i. Formation water 

From Figure 4.13, it can be observed that the wettability preferences of the rocks are dictated 

by the surface area and wetting state of the individual minerals. The dominated mass fraction 

for PSR#1 is quartz (62.8%), while for PSR#2, it is illite (54.4%). As the wetting state of both 

quartz and illite were water-wet during FWI in the previous studies (Figure 4.1), naturally, the 

wetting preferences of PSR#1 and PSR#2 are similar to the wetting state of the mineral with 

the dominant effective surface area. Illite is also the dominant mineral in PSR#3 and PSR#4’s 

effective surface area (4.40 m2/g and 2.94 m2/g, respectively). Nevertheless, in PSR#3, the 

dominant mass fractions are quartz (62.8%) and calcite (25.2%), while for PSR#4, these are 

calcite (50.2%) and quartz (41.9%). Even the surface area and the mass fraction are dominated 

by hydrophilic minerals (illite and quartz), the wettability state of PSR#3 is less water-wet than 

SRR#1 due to the higher content of calcite in PSR#3 than SRR#1. When coming to PSR#4, the 

dominant surface area is from illite, while the mass fraction of the PSR#4 is dominated by 

calcite which contributed to the wetting preferences of the mineral mixture toward more 

hydrophobic.  
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Figure 4. 13: Prediction of the oil-adhesion tendencies of reservoir rocks and mineral mixtures using the total bond product 

during FWI. 

ii.  Carbonated water 

After applying CW, the wettability preferences of the reservoir rocks (SRR#1 and SRR#2) and 

mineral mixtures (PSR#1, PSR#2, PSR#3, PSR#4) alter individually for each rock. From Figure 

4.13, it can be observed that the wettability preferences of SRR#1 become slightly more 

hydrophobic due to the surface area being dominated by illite, which has more vital BPs with 

positively charged oil surface after applying CW. A similar effect can be noticed in PSR#1 and 

PSR#2 because illite has the dominating surface area. While for SRR#2, wettability alters 

directly toward more water-wet during CWI. The main reason for this is that the dominating 

surface is from quartz. The wettability state of the quartz changes towards more hydrophilic 

during CWI at the studied conditions (Figure 4.4). For PSR#3 and PSR#4, the wettability states 

alter from oil-wet to water-wet because of the high content of calcite. 
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Figure 4. 14: Prediction of the oil-adhesion tendencies of reservoir rocks and mineral mixtures using the total bond product 

during CWI. 

4.2.2 Mechanism of Oil Adhesion in SRR#1 

i. Formation water 

From Figure 4.15, it can be observed that the composition of the SRR#1 is dominated by quartz 

(83.7%). Besides, even though the illite content (8.8%) is small, it affects the rock wettability 

more than other minerals due to its large surface area, proving that minerals’ intrinsic properties 

impose wettability. 

 

Figure 4. 15: Prediction of the oil-adhesion tendency of SRR#1 using the bond product during FWI. 
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ii. Carbonated water 

After applying CW, TBP for electrostatic pair linkage between illite and oil interactions 

increases, which also can be observed in Chapter 4.1.4. Simultaneously, the dominant pair 

linkage between quartz and oil surfaces (>SO- ↔ >COOCa+) decreases, as explained in Chapter 

4.1.2. (Figure 4.4). Alterations in individual minerals’ BPs lead to wettability preferences of 

SRR#1 to change to more water-wet. From Figure 4.16, it can be seen that wettability alteration 

in SRR#1 is noticed due to changing wettability state of the individual minerals (mainly: quartz 

and illite) after applying CW. 

 

Figure 4. 16: Prediction of the oil-adhesion tendency of SRR#1 using the bond product during CWI. 

4.2.3 Mechanism of Oil Adhesion in SRR#2 

i. Formation water 

Analogous to SRR#1 composition (Table 4.1) with high quartz content (83.7%), the 

composition of SRR#2 (Table 4.1) is also dominated by quartz (94.9%). Moreover, another 

similarity between SRR#1 and SRR#2 during FWI can be observed in electrostatic pair linkages 

between reservoir rock-brine and oil-brine interfaces where the highest BP number is less than 

0.1 (max BP < 0.1) in both reservoir rocks (SRR#1 and SRR#2). However, Figure 4.17 shows 

that due to low illite content (0.4%), the BP for dominant electrostatic pair linkage between 

illite-brine and oil-brine (>SOH2
+ ↔ >COO-) is less than SRR#1 (Figure 4.15). In other words, 

unlike SRR#1, the effect of illite on the wettability preferences of the SRR#2 is negligible, 

which demonstrates that the effective surface area of the individual minerals constituting the 

reservoir rock has a significant effect on the wettability. The cation bridging (Ca+) between two 
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negatively charged surfaces of quartz (>SO-) and oil (>COO-) is the dominant electrostatic pair 

linkage for oil adsorption onto the SRR#2. Besides, direct adsorption of carboxylate (>COO -) 

onto the positive sites of the SRR#2 minerals (calcite and illite) also happens. Nevertheless, 

because of the less effective surface area of these minerals, their effect on the wettability of the 

rock is insignificant. 

 

Figure 4. 17: Prediction of the oil-adhesion tendency of SRR#2 using the bond product during FWI. 

ii. Carbonated water 

Figure 4.18 illustrates the alteration of the electrostatic pair linkage between SRR#2-brine and 

oil-brine interactions after applying CW instead of FW. From previous results (Figure 4.4), it 

can be concluded that the wetting state of quartz becomes more hydrophilic (max BP ≈ 0) 

during CWI. Simultaneously, the past studies (Figure 4.8) show that illite has the opposite effect 

in this condition; still, the wettability alteration of illite is not noticeable in the results below. 

The main reason is the small effective surface area of illite, contributing to minor alteration of 

the BP. Overall, the wettability preferences of SRR#2 change toward more water-wet (max BP 

≈ 0). 
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Figure 4. 18: Prediction of the oil-adhesion tendency of SRR#2 using the bond product during CWI . 

4.2.4 Mechanism of Oil Adhesion in PSR#1 and PSR#2 

i. Formation water 

From Table 3.1, it can be observed that the main difference in the compositions of PSR#1 and 

PSR#2 from the sandstone reservoir rocks compositions (SRR#1 and SRR#2) is higher illite 

content (31.6% and 54.4%, respectively). The compositions of PSR#1 and PSR#2 were 

designed to understand better the effect of increasing surface area of the mineral mixture on 

wettability by adding illite. For PSR#1, the mass fraction of illite is 32%, and Figure 4.19 

illustrates the electrostatic pair linkages between PSR#1-brine and oil-brine interactions. The 

dominant attractive electrostatic pair linkage during FWI in PSR#1 is the direct adhesion of the 

carboxylate (>COO-) onto the positive illite surface (>SOH+). Besides, the bridging by divalent 

cation (Ca2+) between the negative oil (>COO-) and quartz (>SO-) surfaces has a minor effect 

on the wettability state of the PSR#1 (max BP < 0.05). 
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Figure 4. 19: Prediction of the oil-adhesion tendency of PSR#1 using the bond product during FWI. 

From Figure 4.20, it can be seen that for PSR#2, the dominant attractive electrostatic pair 

linkage is the same as PSR#1 (>SOH2
+ ↔ >COO-). From Figure 4.19, it can be observed that 

even illite is the second dominant mineral (3.16%) in PSR#1 composition; its interactions are 

more vital than that of quartz (62.8%). Besides, From Figure 4.20, it can also be seen that even 

though quartz the second dominant mineral in PSR#2, quartz-brine and oil-brine interaction 

(>SO- ↔ >COOCa+) is not noticeable. This is related to its small surface area, thereby 

contributing to the insignificant effective surface area compared to illite. In other words, due to 

the large effective surface area, illite overshadows the contribution of the quartz. 

 

Figure 4. 20: Prediction of the oil-adhesion tendency of PSR#2 using the bond product during FWI . 
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ii. Carbonated water 

As the dominant mineral in the effective surface area of the mineral mixtures (PSR#1 and 

PSR#2) is the illite, CW's effect on the wettability alteration is based on the previous study of 

this mineral (Figure 4.8).  

 

Figure 4. 21: Prediction of the oil-adhesion tendency of PSR#1 using the bond product during CWI. 

Figure 4.21 and Figure 4.22 show that the direct adhesion of oil (COO-) onto positively charged 

illite (>SOH2
+) surface is dominant in mineral mixture-brine (PSR#1 and PSR#2) and oil-brine 

interactions (max BP > 0.2). Moreover, wettability preferences of both PSR#1 and PSR#2 are 

altered toward more hydrophobic during CWI. 

 

Figure 4. 22: Prediction of the oil-adhesion tendency of PSR#2 using the bond product during CWI. 
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4.2.5 Mechanism of Oil Adhesion in PSR#3 and PSR#4 

i. Formation water 

Unlike PSR#1 and PSR#2 with illite dominant contents (31.6% and 54.4%, respectively), 

PSR#3 and PSR#4 were designed to be dominated by calcite (25.2% and 50.2%, respectively), 

a more hydrophobic mineral. These mineral mixture compositions (PSR#3 and PSR#4) were 

created to understand the effect of increasing calcite content on the wettability preferences of 

the mineral mixtures (PSR#3 and PSR#4).  

From Figure 4.23, it can be observed for PSR#3 that the dominant electrostatic pair linkage in 

the oil adhesion mechanism on the rock mineral is the direct adsorption of carboxylate (>COO-

) onto the positive calcite (>CaOH2+) site (max BP < 0.1) during FWI. 

 

Figure 4. 23: Prediction of the oil-adhesion tendency of PSR#3 using the bond product during FWI . 

Figure 4.24 shows that during FWI  in PSR#4, the BP for the dominant pair linkages (>CaOH2
+ 

↔ >COO-) is around 0.2, verifying that escalating the calcite content of the reservoir rock 

contributes to its wettability state toward more oil-wet. Figure 4.20 and Figure 4.24 show that 

with the same range of quartz (48,3%), the oil adhesion in PSR#4 (min BP > 0) is more 

significant than in PSR#2 (max BP ≈ 0). This is because the minerals with a large surface, such 

as illite, overshadow the contributions from the quartz in PSR#2. In other words, the surface 

area of PSR#4 is smaller than PSR#2, where the effect of quartz on the wettability state is more 

noticeable in PSR#4 compare to PSR#2.  
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Figure 4. 24: Prediction of the oil-adhesion tendency of PSR#4 using the bond product during FWI. 

ii. Carbonated water 

During CW injection, the dominant active electrical pair linkage for mineral mixtures (PSR#3 

and PSR#4) becomes less hydrophobic (Figure 4.25). This can be explained by the difference 

between a BP for dominant electrostatic pair linkages before and after applying CW. For 

example, for PSR#3, the max BP was approximately 0.06 before and 0.03 after CW injection, 

which led the mineral mixture to act more hydrophilic. Moreover, it can be observed from 

Figure 4.25 that, after applying CW instead of FW, the dominant electrostatic pair linkage 

between oil-brine and PSR#3-brine is altered from direct adhesion of carboxylate (>COO-) onto 

the cationic calcite (>CaOH2
+) surface to direct adhesion of carboxylate (>COO-) onto the 

cationic illite surface (>SOH2
+). 

 

Figure 4. 25: Prediction of the oil-adhesion tendency of PSR#3 using the bond product during CWI. 
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While in PSR#4, this process can not be observed due to a negligible amount of illite (4.4%) in 

this mineral mixture. However, like in PSR#3, the wettability preferences of PSR#4 mineral 

mixture alters from oil-wet to water-wet in CW, proved by decreased BP of the dominant 

electrostatic pair linkage from 0.2 to 0.07. 

 

Figure 4. 26: Prediction of the oil-adhesion tendency of PSR#4 using the bond product during CWI. 

4.3 Effect of Temperature and Pressure on Calcite Wettability 

It is believed that the temperature may remarkably influence the wettability preferences of the 

rock surfaces, and the pressure dependence is relatively weak [79]–[81]. Some researchers 

believe that increasing temperature makes it possible to alter wettability toward water-wet [82], 

[83]. In contrast, other investigators considered that the wettability would alter toward oil-wet 

rather than water-wet with a temperature rise [84], [85]. Moreover, some scientists assumed 

that the changes in wettability with the temperature were not just oil-wet or water-wet. For 

instance, Wang and Gupta [79] and Rao [86] believed that with an increasing temperature, 

wettability preferences of the sandstone reservoir might alter toward more oil-wet, while in 

carbonate reservoir, it might alter toward more water-wet. 

To better understand the temperature and pressure effect on wettability preferences of 

individual mineral (calcite), SCM result at different temperatures (60°C, 90°C, and 120°C) and 

pressures (1bar and 300bar) were compared. Calcite was selected because it is the mineral that 

has the most significant change in wettability. To accomplish this, the same BP method was 

used to estimate the wettability preferences of calcite at various reservoir conditions. The results 

obtained from simulations with FW and CW for different temperatures are presented first to 
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investigate the alteration of wetting preferences of calcite at various reservoir temperature 

conditions. Afterward, a similar procedure was done for various reservoir pressure conditions.  

4.3.1 Temperature Effect on Calcite Wettability 

i. Formation water 

Figure 4.27 illustrates the TBP for calcite at reservoir temperatures of 60°C, 90°C, and 120°C 

during FWI. From SCM results, it can be concluded that the wettability state of calcite is oil-

wet at given temperatures, as the TBP number varies from 0.8 to 1 at all three conditions. 

 

Figure 4. 27: Prediction of the oil-adhesion tendencies of Calcite using the total bond product during FWI in different 

temperatures. 

ii. Carbonated water 

A similar effect can be observed after applying CW instead of FW. The results in Figure 4.28 

show that given temperatures, calcite wettability is less hydrophobic (TBP < 0.4) in CW than 

in FW (TBP ≈ 1), as predicted in previous chapters (4.1.1 and 4.1.6). At the same time, the 

difference in the wetting state of mineral (calcite) at the three reservoir conditions is minimal. 
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Figure 4. 28: Prediction of the oil-adhesion tendencies of Calcite using the total bond product during CWI in different 

temperatures. 

4.3.2 Pressure Effect on Calcite Wettability 

The primary purpose of visualization of the pressure effect on mineral wettability via SCM was 

to demonstrate how the wetting state of the calcite alters between 1bar and 300 bar. Since all 

previous simulations with FW were designed for a 1 bar reservoir pressure, while simulations 

with CW were designed for 300 bar reservoir pressure. From Figure 4.29 and Figure 4.30, it 

can be concluded that calcite wettability preference is similar at both reservoir pressures and, 

as predicted before, wettability preferences in FW and CW are oil-wet and less oil-wet, 

respectively.  

 

Figure 4. 29: Prediction of the oil-adhesion tendencies of Calcite using the total bond product during FWI in different 

pressures. 
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Figure 4. 30: Prediction of the oil-adhesion tendencies of Calcite using the total bond product during CWI in different 

pressures. 
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5   Discussion 

5.1 Discussion of the Simulation Results and Comparison to Previous Work 

5.1.1 Prediction of the Wettability During Formation Water Injection 

Simulation results for minerals, reservoir rocks, and mineral mixtures during FWI predicted 

their wettability preferences based on the attractive electrostatic forces between the oil-brine 

and the rock-brine interfaces result in the oil adhesion defined by BP. The results show that 

wettability preferences of quartz and albite were toward water-wet while calcite wetting state 

was strong oil-wet. On the other hand, wettability preferences of clay minerals such as illite and 

montmorillonite in FW were intermediate-wet. In other words, the increasing order of the 

mineral hydrophobicity is given as quartz < albite < illite < montmorillonite < calcite. These 

minerals were dominant in the sandstone reservoir rocks and mineral mixtures that were 

investigated in this study. The SCM results show that the wettability preferences of rocks were 

dictated by the surface area and wetting state of the individual minerals. Above mentioned 

results match the experimental and simulation results of Erzuah et al. [64]. Moreover, the 

wettability preferences of the quartz and SRRs are in accordance with the results of Zhang et 

al. [62], who investigated the wettability preferences of the sandstone rocks and their mineral 

components before and after CO2 injection using the captive bubble method. 

5.1.2 Prediction of the Wettability During Carbonated Water Injection 

In the next step, the wettability preferences of the same minerals, SRRS, and mineral mixtures 

were predicted after applying CW instead of FW. The primary purpose of the investigation was 

to understand the effect of CW on the wetting state of the reservoir. From the results, it can be 

observed that the wettability preferences of the quartz and albite altered toward more water-wet 

during CWI. However, the same effect was not noticed on clay minerals. The wetting state of 

illite and montmorillonite changed toward slightly more water-wet and more oil-wet after 

applying CW, respectively. The sharp change in wetting state during CWI was observed in 

calcite. Wettability of calcite altered from strongly oil-wet toward intermediate-wet or slightly 

water-wet. These observations are in accordance with the experimental results of Fjelde et al . 

[61], in which the COBR interactions during imbibition experiments were investigated. In 

research, the effect of CO2 on the wettability of the chalk reservoir was studied where the 

dominant mineral was calcite.  

The wettability preferences of the reservoir rocks (SRR#1 and SRR#2) and mineral mixtures 

(PSR#1, PSR#2, PSR#3, PSR#4) were altered individually for each rock and mineral mixture 
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during CWI. As in FWI, wettability preferences of the rocks were dictated by the surface area 

and wetting state of the individual minerals in CW. The SCM results are in accordance with 

Fjelde et al. [61] results, in which core experiments were performed for visualization wettability 

alteration of chalk reservoir during CO2-WAG. The results are also in accordance with the 

results of core flooding experiments performed by Al-Mutairi et al. [6], in which they concluded 

that CWI into carbonate rock causes alteration of the rock wettability from an oil-wet to an 

intermediate-wet state and increasing CO2 concentration in the brine leads to more alteration of 

wetting state. 

5.1.3 Prediction of the Effect of Temperature and Pressure on Wettability 

From the SCM results, it was concluded that the wettability preference of the calcite is oil-wet 

in FW, while it alters toward more water-wet. However, SCM results at different temperatures 

and pressures show that these reservoir properties have minimal effect on the wetting state of 

calcite in both FW and CW. The results also coincide with the results of experiments performed 

by Zhang et al. [63], in which the influence of the temperature and pressure on the wettability 

in COBR systems was investigated by using a captive droplet method. Zhang et al. [63] 

concluded that pressure from 10 to 70 MPa has no discernible effect on wettability, regardless 

of the mineral type. However, the temperature had a notable impact on water-wet mineral 

surfaces, while for neutral-wet or oil-wet samples, the influence of the temperature on 

wettability was relatively weak. 

5.2 Limitations 

There were several limitations in SCM results in which wettability was characterized by a 

geochemical simulator PHREEQ-C. Some of them listed below: 

i. Electrostatic pair linkages 

In SCM results, wettability preferences were predicted based on the attractive electrostatic 

forces between the oil-brine and the rock-brine interfaces result in the oil adhesion defined by 

BP. However, only dominant attractive electrostatic pair linkages were utilized in BP, and non-

dominant pair linkages were not considered in the present study. However, it had a minor effect 

on the SCM results. 
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ii. Pressure 

The experimental background of the present study was flotation tests done by Erzuah et al. [64] 

in which wettability preferences of the individual minerals and reservoir rocks were determined 

at pressure 1 bar during FWI. While the results in Chapter 4.3.2 demonstrated that pressure had 

a minor effect on the wettability preferences of the minerals, consequently on the wettability 

preferences of the rocks also. 

iii.   Mineral Distribution 

Another limitation in the SCM results was not considering the effect of the mineral distribution. 

This is because the SCM method predicts wettability by assuming that all mineral surfaces are 

ready for the reaction. Nevertheless, a possible solution can be decreasing the effective surface 

area of the individual minerals in simulations. More information about the effective surface 

area is given in Chapter 5.3 

iv. Surface Precipitation 

The impact of the surface precipitation was not considered in the SCM results for the reservoirs 

with asphaltene and wax precipitation. Commonly, crude oils alter their ability to act as solvents 

for polar components. If oil becomes a poor solvent for asphaltene, it can contribute to a less 

water-wet condition in the reservoir rock [27] since surface precipitation has an essential role 

in the wettability estimation of the rock/mineral.  

5.3 Proposal of Further Work 

As a continuation of the simulation work performed in the present study, I will suggest 

performing experiments with FW and CW using the USBM method to estimate the wettability 

preferences of the minerals and reservoir rocks at various pressures and temperatures since the 

SCM method and flotation tests have limitations in minerals distribution. On the other hand, in 

USBM experiments, mineral distribution is taken into account since the USBM method 

estimates the wettability of the bulk rock while the flotation test estimates the wettability of 

crushed rock. Moreover, the contact surface area of the mineral-brine and oil-brine interactions 

during the flotation test is higher than the USBM method since crushed rocks are used in the 

test. The effective surface area of each mineral should be described to get more accurate results. 

For example, if 90% of the core sample area is dominated by clay mineral, that may be a 

dominant mineral in simulations. However, the clay mineral may have minor contact with 

flowing fluid, making the mineral non-dominant. After estimating the effective surface area of 
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the individual mineral, which is in contact with flowing fluid, it can be applied to SCM instead 

of using the total surface area of the mineral. In other words, simulations and experiments 

should be performed at more relevant reservoir conditions to get more accurate results.  
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6   Conclusion 

The work of the present study has shown that the SCM method can be used for estimating the 

wettability alteration tendencies of the individual minerals and reservoir rocks during CWI in 

the geochemical simulator PHREEQ-C with different brines and STOs at different temperatures 

and pressures.  

The SCM technique is a quick and economical method of estimating the wettability of the 

minerals and reservoir rocks via a geochemical simulator, PHREEQ-C. The main positive side 

of the SCM method over the other wettability estimations methods (e.g., the Amott and the 

USBM) is that the SCM technique can estimate the wettability alteration tendencies of the 

minerals and rocks during CWI. Besides, the SCM can predict the mechanisms that led to oil 

adhesion, such as cation bridging and direct adhesion of carboxylate (>COO-). In addition, the 

SCM method can be used in the prediction of laboratory experiments. SCM can be utilized as 

the initial screening tool to estimate the potential for CW effect on reservoir wettability. 

Afterward, further evaluation of potential in laboratory experiments and reservoir simulations 

should be performed. 

From SCM results, the increasing order of the dominant minerals hydrophobicity in the studied 

sandstone reservoirs during FWI is given as quartz < albite < illite < montmorillonite < calcite. 

After CWI, wettability preferences of the quartz, albite, illite, and calcite altered toward more 

water-wet. Since the increasing order of mineral hydrophobicity also changed slightly, illite and 

montmorillonite swapped their places: quartz < albite < montmorillonite < illite < calcite. 

The SCM results also showed that the wettability preferences of the SRRs and PSRs depend on 

the wetting state and effective surface area of the dominant mineral, except for rocks with high 

calcite content. Thus, it can be concluded that the calcite content significantly impacts the 

wetting state of the studied sandstone rocks more than that of clay. Moreover, the wettability 

alteration by CW also depends on the wetting state and effective surface area of the dominant 

mineral. In other words, the wettability preferences of the rock alter towards the wetting state 

of the dominant mineral during CWI. 

Based on the SCM results, increasing pressure from 1 to 300 bar and temperature from 60°C to 

120°C had no noticeable effect on the wetting state of the mineral, regardless of mineral types, 

in the COBR system. 
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