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Abstract 

Low salinity (LS) water flooding has been in the center of interest for conventional oil recovery in 

sandstone reservoir for more than two decades because of its low cost and potential for increased oil 

recovery. Though hundreds of researches have been done on LS EOR method, the mechanism behind 

the oil recovery is still debatable. Recently, Smart Water group of University of Stavanger has proposed 

a new chemical wettability alteration mechanism where protons (H+) from LS water replaces metal 

ions such as Ca2+, Na+ from the clay surface and made the surface more water wet by releasing polar 

organic oil components due to a pH increase. As a result, more oil is displaced towards production well 

and increases oil recovery. As the proton (H+) is adsorbed, pH of the produced water is increased and 

using this theory, Aksulu et. al. (2012) established a pH screening test as an experimental tool to check 

the LS potential for sandstone.  

pH of the system can also be increased by injecting alkaline water of high pH instead of creating in 

situ pH increase by LS water flooding. In this thesis, the transportability of alkalinity and development 

of pH was investigated for LS and alkaline water flooding. Three outcrop sandstone cores of different 

mineralogy were used for 12 pH screening tests at different temperatures. In addition with the pH 

screening test, pressure changes, density changes and ion chromatography tests were done during the 

flooding to observed the changes of produced water.  

pH-screening tests with alkaline water injection showed low potential for extra alkalinity compared 

with LS water injection. Almost two pH unit of injected high alkaline water is reduced by the minerals 

and formation water. On the other hand, the results of the pH-screening tests for LS water injection 

showed a potential for increasing the effluent LS water pH up to two units in comparison to its initial 

pH-value. Both the LS and alkaline water showed same trend of pH buildup though they had a big 

difference in bulk pH (almost 5 pH unit). Transportation of alkalinity through a mineral system with 

large surface area seemed to be challenging due to pH buffering from brine/mineral interactions as 

well as from chemical interactions involving inorganic cations from the formation water.  

It can be concluded after the thesis that an in-situ generation of alkaline conditions in the reservoir by 

injecting LS water seemed to have a larger potential for EOR purposes than transporting alkalinity by 

injecting high pH alkaline water through the reservoir. 
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1. Introduction 

This thesis is an experimental work related to low salinity smart water and alkaline flooding EOR 

process that is done at the smart water research laboratory in University of Stavanger. Alongside 

presenting the results obtained during the experiments, the reasons behind the results and the 

achievements of experiments are discussed. To understand both LS and alkaline EOR process, a 

detailed literature review was done on their mechanisms and their reactions with rock, oil, brine and 

water. However, oil recovery stages along with different oil recovery methods were discussed briefly 

in the introduction part. Basics of EOR such as displacement forces, wettability were discussed in 

detail in another chapter to understand the EOR mechanism mainly for smart water. In addition, the 

mineralogy of sandstone was also discussed in the theory part based on different published scientific 

research papers and books.  

1.1 Oil recovery 

In conventional oil reservoirs, oil recovery operations can be divided into three stages from a 

chronological point of view: primary recovery, secondary recovery and tertiary recovery. However, 

this chronological order can be altered or overlapped depending on reservoir characteristics and 

economic consideration (Green and Willhite, 1998a). An overview of typical recovery phases of 

conventional reservoir is shown in figure 1. 

 

 

 

 

 

1.1.1 Primary oil recovery 

This is the first stage of oil recovery where there is no need of external forces such as injection of fluid. 

In this stage, hydrocarbon is produced by natural pressure or energy that was naturally stored in the 

reservoir. There are six different types of natural driving mechanisms that cause primary recovery: Gas 

Figure 1: Sequence of recovery mechanism. Adapted from (Ahmed, 2010). 
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cap drive, solution gas (depletion) drive, rock and liquid expansion drive, water drive, gravity drainage 

and combination drive. In primary recovery mechanism, total oil recovery is 5-40% in unconventional 

reservoir (Ahmed and McKinney, 2005).  

1.1.2 Secondary oil recovery 

When primary recovery mechanism or natural driving forces are not sufficient to produce oil 

economically then secondary recovery mechanism is used. In this mechanism, mainly water and/or gas 

are injected to maintain the pressure of the reservoir to produce oil economically. In a very good 

reservoir condition, oil production could be 70% of OOIP, which is rear. Due to reservoir heterogeneity 

such as poor distribution of pores, fracture, permeability differences, capillary entrapment, adverse 

wettability conditions only 20-40% oil can be recovered from total reserve using secondary recovery 

mechanism (Green and Willhite, 1998a; Muggeridge et al., 2014).  

1.1.3 Tertiary oil recovery- Enhanced oil recovery 

When primary and secondary recovery methods are not economically viable then tertiary recovery 

method is used to recover the residual oil that is left after primary and secondary recovery methods. It 

is also called Enhanced oil recovery (EOR). In this process, fluid is injected to reservoir along with 

chemical which is not a part of reservoir before. The injected fluid interacts with oil, rock and formation 

water and change reservoir and fluid properties like interfacial tension (IFT), oil viscosity, wettability, 

oil mobility etc (Bavière, 1991; Green and Willhite, 1998a). The target of different EOR method is to 

increase volumetric (Macroscopic) sweep efficiency and displacement (microscopic) efficiency and 

thus increase ultimate oil recovery (Zolotukhin and Ursin, 2000). 

1.2 Definitions of EOR and IOR 

Definition of EOR (enhanced oil recovery) was discussed in previous section. According to Norwegian 

Petroleum directorate, EOR is an advance process, which can reduce oil saturation by improving both 

microscopic and macroscopic sweep efficiency in the tertiary recovery stage. It is related to changing 

reservoir and fluid properties. 

On the other hand, IOR (improved oil recovery) includes all the recovery mechanism from primary to 

tertiary. IOR is a combined method of drilling and reservoir engineering to increase oil production that 
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includes all the method to improve recovery such as IOR, directional drilling, horizontal drilling, infill 

drilling etc (Torrijos, 2017). 

1.2.1 Importance of EOR 

Nowadays, though there are several renewable energy sources, the demand for oil is still high. 

According to International Energy Agency (IEA), 31.1% of total energy is supplied by oil. Discoveries 

of new oil field was record low in 2017 and the current oil production is dominated by mature fields. 

To produce more oil, we have to either discover more oil reserves or produce more oil from mature 

fields by using different IOR method. As the discoveries of new oil fields are declining and most of 

the mature oil fields are already developed, using different EOR methods can boost the recovery. If we 

can add 20-30% more recovery by using EOR, it will provide a huge oil reserve for next 2 decades 

(Torrijos, 2017).  

To get more efficient EOR project, it is highly recommended to include EOR strategy during the 

development plan of the reservoir (Strand, 2005).   

1.2.2 Different Enhanced oil recovery Methods 

All the enhanced oil recovery methods can be categories into four different groups: Chemical methods, 

thermal methods, gas injection methods and emerging EOR processes (Taber et al., 1997). All the EOR 

methods are classified and presented in table 1. 

Table 1: Classification of EOR methods (Torrijos, 2017) 

Chemical EOR Processes Alkaline Flooding 

Surfactant Flooding  

Polymer Flooding 

Alkaline/Surfactant/Polymer Flooding (ASP) 

Solvent flooding 

Gels for water diversion/shut off 

Thermal EOR processes Steam flooding 

Cyclic steam stimulation 

In-situ combustion 

Hot water flooding 
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Steam-assisted gravity drainage 

Gas Injection EOR processes Hydrocarbon injection (miscible/immiscible) 

CO2 flooding (miscible/immiscible) 

Nitrogen injection 

Flue gas injection (Miscible and immiscible) 

Water-Alternating-Gas (WAG) 

Emerging EOR processes Smart Water / Engineered Water 

Low Salinity Water Flooding 

Carbonated Water flooding 

Microbial EOR 

Enzymatic EOR 

Electromagnetic heating EOR 

Surface mining and extraction 

Nano particles 

The most economical and effective EOR methods considering the mineralogy of the reservoir are 

studied and implemented more. The following figure 2 is showing different EOR processes and their 

maturity with respect to time. According to figure 2, smart water flooding lies in deploy and repeat 

section, which is more mature than alkaline water flooding. 
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Figure 2: Evaluation and maturity of different EOR processes (Adapted from 

Elsevier, 2016). 

 

Alkaline water 
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2. Objective 

The objective of this thesis is to: 

• Check which method has larger EOR potential in sandstone: an in-situ generation of alkaline 

condition in the core by injecting LS water or transporting alkalinity by injecting high pH 

alkaline water through the core. 

• Verify the alkalinity transporting ability of three different sandstone outcrop cores at different 

temperatures for alkaline and LS water flooding. 

• Check the EOR potential of sandstone cores for both LS and alkaline water flooding at 

different temperatures using pH screening test. 

• Find out the mechanism which is the main reason of pH increment in LS EOR and compare 

with other mechanisms. 
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3 Basics of EOR with smart water 

The performance of the Smart Water EOR depends on several aspects: surfaces forces, displacement 

forces, the wetting development of the system during Smart Water injection and most importantly 

mineralogy of the system. Short descriptions of the factors that affect smart water EOR effect are 

described below. 

3.1 Displacement forces  

The overall displacement of oil in an EOR method is divided into smaller scale and larger scale. In 

smaller scale or microscopic scale; viscosity of fluid, wettability, IFT plays the most important role in 

residual oil saturation. On the other hand, in larger scale parameters such as gravity force, reservoir 

heterogeneity plays an important role. General descriptions of displacement efficiency at different 

scales are discussed in next part. 

 3.1.1 Microscopic and macroscopic displacement 

The total displacement efficiency of oil is classified as microscopic and macroscopic displacement 

efficiency. Total displacement efficiency is a product of those two and can be expressed by the 

following equation. 

E = ED EV ………………………….. (1) 

Where, E = Total displacement efficiency, ED = Microscopic displacement efficiency and Ev = 

Macroscopic displacement efficiency which is also known as volumetric sweep efficiency. Both 

microscopic and macroscopic sweep/ displacement efficiency are expressed in fraction. To get higher 

total displacement efficiency or higher oil recovery, we need to make both microscopic and 

macroscopic displacement efficiency near to one. 

Microscopic displacement efficiency (ED) represents the mobilization of oil at pore space and typically 

displayed in the magnitude of residual oil saturation (Sor). On the other hand, macroscopic sweep 

efficiency measure how effective the volumetric sweep is (Green and Willhite 1998a).  Microscopic 

sweep efficiency can be described by the following equation.  

𝐸𝐷 =
𝑆𝑜𝑖− 𝑆𝑜𝑟

𝑆𝑜𝑖
 ……………………………. (2) 
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Where,  

Soi  is initial oil saturation and Sor  is residual oil saturation. 

From equation (2), we can see that to increase microscopic efficiency (ED), we need to decrease 

residual oil saturation. The purpose of modern EOR method is to decrease residual oil saturation and 

increase microscopic sweep efficiency and it is affected by chemical and physical interaction of 

injected fluid during an EOR process. It can be achieved by lowering IFT or wettability alteration along 

with many other mechanisms.  

On the other hand, macroscopic sweep efficiency is also very important and is affected by reservoir 

characteristics such as porosity, permeability, reservoir homogeneousness and fluid characteristics 

such as viscosity ratio, density difference etc. However, non-favorable reservoir geology, large 

differences in densities and poor mobility ratios can play against favorable displacement efficiencies. 

Fingering effects, under riding or overriding of the displaced fluid and ultimately low macroscopic 

sweep efficiency can be the consequences of these effects (Green and Willhite, 1998b; Torrijos, 2017).  

3.1.2 Fluid flow in porous media 

To understand oil recovery mechanism, it is important to understand how oil flow though the porous 

media. In 1856, Darcy established a mathematical relationship which describes the mobility of fluid 

flowing in the porous media of unfractured reservoir and the equation is known as Darcy’s law. This 

law relates the flow rate of fluid though the porous media, the viscosity of fluid and pressure drop that 

the fluid creates over a given distance and equation (3) expressed the relationship. 

𝑢 = −𝐴
𝑘

µ

𝑑𝑃

𝑑𝑋
 ………………………………(3) 

Where, 

𝑢   Superficial (Darcy) velocity of the displacing fluid (m3/s), 

 𝑘   Effective permeability of the displacing fluid (m2), 

 μ  Viscosity of the displacing fluid (Pa.s), 

 𝑑𝑃  Change of Pressure (Pa/m), 
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 𝑑𝑋  Length travelled by fluid (m) and 

 𝐴  Cross-sectional area of the filter medium perpendicular to flow (m2). 

The minus sign of the equation represents the reduction of pressure in the direction of flow. Normally, 

absolute value of 𝑑𝑃 is used to achieve a positive value of flow rate. 

If two phases co-exist in a displacement process, the mobility ratio (M) depends on the mobility of the 

displacing fluid phase (λD) and the mobility of the displaced fluid phase (λd). The mobility of a fluid is 

the ration of permeability of the porous media and viscosity of that fluid. Both the mobility and 

mobility ration are expressed by equation (4) and (5) respectively.  

𝜆 =
𝑘

µ
 ……………………………….(4) 

𝑀 =
𝜆𝐷

𝜆𝑑
 …………………………… (5) 

Mobility ratio (M) is a dimensionless parameter and very important in EOR process. High mobility 

ratio indicates low sweep efficiency and vice versa. When, M is greater than one, it represents 

unfavorable mobility ratio and cause viscous fingering. On the other hand, when M is less than one it 

represents favorable displacement condition. Assuming a piston like flow where water is displacing 

oil then equation (5) can be rewrite as the following. 

𝑀 =
𝜆𝐷

𝜆𝑑
=
𝜆𝑤

𝜆𝑜
=
[
𝑘𝑟𝑤
µ𝑤
]𝑆𝑜𝑖

[
𝑘𝑟𝑜
µ𝑜
]𝑆𝑤𝑖

 …………………….(6) 

Where, 

𝑀 is the mobility ratio, 

 𝜆D is the mobility of the displacing fluid (m2/ Pa.s),  

𝜆d is the mobility of the displaced fluid (m2/ Pa.s), 

 𝜆w is the mobility of water (m2/ Pa.s), 

 𝜆o is the mobility of oil (m2/ Pa.s), 

 𝑘rw is the relative permeability of water (m2), 
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 μw is the water viscosity (Pa.s),  

𝑘ro  is the relative permeability of oil (m2), 

 μo is the Oil viscosity (Pa.s),  

𝑆or is the Residual oil saturation and  

𝑆wi is the irreducible water saturation. 

2.1.3 Capillary forces 

One of the major driving forces in porous media is capillary force. The dimension and interplay of the 

geometry of pore spaces, wettability and the interfacial tension generated by the fluids and rocks of a 

given system affect the capillary force. This force can help or prevent oil production depending on the 

system. They can be a very important mechanism of oil recovery in fractured reservoir. In oil wet 

reservoir capillary pressure can be expressed by the following equation.  

𝑃𝑐 =  𝜎√
𝛷

𝑘
𝐽∗ ……………………..(7) 

Where,  

𝑃𝑐  is the capillary pressure (Pa), 

 𝜎 is the interfacial tension (IFT) (N/m), 

 𝛷 is the porosity, k is the permeability (m2) and 

 𝐽∗ is the Leverett dimensionless entry pressure. 

On the other hand, for the non-fractured reservoir, because of high residual oil saturation, capillary 

force can cause oil trapping. The difference in pressure across the interface of two immiscible fluids is 

called capillary force and can be expressed by following equation (Green and Willhite 1998a, Torrijos, 

2017). 

𝑃𝑐 = 𝑃𝑜 − 𝑃𝑤 = 𝜎𝑜𝑤  (
1

𝑅1
−

1

𝑅2
) =  

2𝜎𝑜𝑤𝑐𝑜𝑠𝜃𝑐

𝑟𝑐
 ……………………….(8) 

Where,  

𝑃𝑜 is the pressure in the oil phase at interface (Pa), 
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 𝑃𝑤 is the pressure in the water phase at interface (Pa), 

 𝜎𝑜𝑤 is the Interfacial tension at oil water interface (N/m), 

 𝜃𝑐 is the Contact angle between the phases (°) and 

 𝑟𝑐 is the pore radius of capillary (m) 

3.1.4 Gravity force 

Gravity force plays an important role in oil recovery method. Because of the immiscibility of fluid in 

the reservoir, the lighter fluid is always subjected to a buoyancy force and can be expressed by equation 

9.  

∆𝑃𝑔 = ∆𝜌𝑔𝐻 ………………….. (9) 

Where, 

∆𝑃𝑔 is the pressure difference of the oil and water interface due to gravity (Pa), 

 Δ𝜌 is the difference in density of the two phases (Kg/m3), 

 𝑔 is the gravitational acceleration constant, 9.8 (m/s2) and  

𝐻 is the height of the column (m). 

Gravity force can generate problems like overriding or under riding (Green and Willhite, 1998b). It is 

one of the key worry when density differences between to fluids such as oil and water are large (Chen 

et al., 2000). Gravity segregation can generate override when the density of the displacing fluid is less 

than the density of displaced fluid. On the other hand, under ride can occur when the density of 

displacing fluid is higher than the displaced fluid as shown in the figure 3. Gravity segregation can 

lead to an early breakthrough of injected fluid which will decrease the potentiality of oil recovery by 

EOR fluid (Green and Willhite, 1998c). Low oil water interfacial tension may also create gravity 

segregation (Austad and Milter, 1997).   
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3.1.5 Viscous force 

In porous medium, viscous force depends on the pressure drop that occurs because of flow through the 

porous medium. To flow though pore space, the viscous force must be greater than the capillary force. 

The pressure drop for laminar flow can be calculated by Poiseuille’s law (Green and Willhite, 1998d). 

If the porous medium is regarded as a bundle of parallel capillary tube then the pressure drop during 

flow is-  

∆𝑃 = 
8µ𝐿�̅�

𝑟2𝑔𝑐
 ……………………(10) 

Where,  

∆𝑃 is the difference in pressure over capillary tube (Pa), 

μ is the viscosity (Pa·s),  

L is the capillary length (m),  

�̅� is the average flow velocity in the capillary (m/s),  

r is the radius of the capillary (m) and 𝑔𝑐   is the conversion factor. 

Figure 3: Gravity segregation (Green and Willhite, 1998c) 
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3.1.6 Interrelation of forces 

In the porous medium, capillary forces cause entrapment of one fluid phase during the displacement 

process by another phase. When the viscous forces acting on the pore space surpass the capillary forces 

of trapped fluid such as oil then that oil can be recovered. The oil distribution on the pore space are 

different in different wetting system. If the system is water wet, then the oil will exist primarily as a 

discontinuous phase. It can happen due to trapping and/or isolation of droplets by displacing fluid. 

During smart water flooding, smart water will enter a sufficient number of pores to stop oil flow and 

the remaining oil will exist as a film around the sand grains (Morrow 1979). In contrast, the smaller 

pore space may remain empty or saturated with smart water. To mobilize this residual oil in water wet 

system we need to connect all the oil droplets and create a flow channel.  On the other hand, if the 

system is oil wet then the oil remains around the grains as a film and to recover it we must displaced it 

to a continues flow system before mobilization. To mobilize the oil from pore space, it is important to 

understand the effect and correlation of different forces. Numerous researches had been done in the 

past to correlate the effect of acting forces on mobilizing the residual oil and a dimensionless parameter 

named capillary number is formulated. It is expressed by Nc and expressed by equation (11). 

𝑁𝑐 =
𝑉𝑜𝜇𝑤

𝜎𝑜𝑤
=

𝐾𝑜∆𝑝

∅𝐿𝜎𝑜𝑤
…………………………….(11) 

Where, 

𝑉𝑜 is the velocity (m/s),  

𝜇𝑤 is the viscosity of smart water (Pa·s),  

𝜎𝑜𝑤 is the interfacial tension between oil and water(N/m),  

𝐾𝑜 is the effective permeability of oil (D), 

 φ Porosity (%) and  

ΔP/L is the pressure drop due to flow (Pa/m). 

High capillary number indicates low oil saturation. However, in some cases, capillary number did not 

represent residual oil saturation (Armstrong et al., 2014; Guo et al., 2015). Another problem of 

capillary number is that it does not represent wettability scenarios and the homogeneousness of the 

reservoir (Torrijos, 2017).    
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3.1.7 Surface force 

The forces that act between charged surface and ionized water is very important to understand to realize 

the mechanism behind wettability. Four types of forces are believed to act in the saturated charged 

surface (Israelachvili and McGuiggan, 1988): 

• Van Der Waals force, which can occur between all the molecules. 

• Repulsive double layer force which occurs because of ionized surface with a net electric 

charge. 

• Solvation force, which takes place because of arrangementing or ordering of liquid molecules 

that are tightly confined between two surfaces. The force can be attractive, repulsive or 

oscillatory.  

• Repulsive entropic force, which is the reason either by thermal fluctuations of flexible, fluid-

like surfaces or by thermal motions of protruding surface groups (steric forces; polymers etc.) 

As these forces function all together in liquid, separate contribution of each force is difficult to 

recognize (Israelachvili and McGuiggan, 1988). A short description of the forces will be discussed 

shortly in next section.  

3.1.7.1 Electrical double layer (EDL) 

Van der Waals force operates alone in very simple system such as non-polar wetting films on surface. 

In most of the cases, the systems are complex and electrostatic forces are taken into consideration. If 

Van der Waals force acts alone then it causes all the elements to attach collectively and precipitate. 

Usually there are some other forces and all the elements dispersed in fluids are normally charged and 

this charge prevented them from joining together through electrostatic repulsive forces. Rock surface 

and particles can be charged in three ways: 

• Through dissociation of protons or ionization of surface that charge the surface negatively or 

positively. 

• Through adsorption of ions onto an initially uncharged surface which is called ion 

exchangeable surface. 

• Through charge exchanging process between two chemically different surface placed in the 

vicinity.  
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The ultimate surface charge of co-ions will be in equilibrium by oppositely charged counter-ions in 

equal quantity (Israelachvili, 2011). By using Stern-Gouy-Chapman theory, the distribution of 

counterions can be explained. The surface charge of a particle into two distinct layers; a diffuse outer 

layer and a compact inner layer (Riley, 2010). Stern (1924) described the compact inner layer made of 

transiently bound counter-ions which is known as the Stern layer shown in figure 4. The diffuse outer 

layer was illustrated by Gouy and Chapman (Chapman, 1913; Gouy, 1910). They built up a model how 

the surface charge of a particle is balanced by a diffuse outer layer of ions.  

 

 

 

 

 

 

 

 

 

 

 

 

Collectively these two layers are called electrical double layer (EDL). When charged particles come 

within reach of each other in a liquid medium, their outer layer begins to overlap. As a result, this force 

overshadows attractive Van der Waals force. Allocation of ions depends on different factors in the 

EDL such as concentration of electrolyte, formal charge of ions, solvent, and the potential at the 

boundary between the ion-packed inner layer and the diffuse outer layer. The effect of concentration 

on the thickness of EDL is shown in figure 5. 

 

 

 

 

 

 

Figure 4: Electrical double layer of a negatively charged particle (Molnes, 2017). 
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3.1.7.2 DLVO theory 

DLVO theory was developed by Derjaguin, Landau, Vervey and Overbeek and it is named after them 

(Derjaguin and Landau, 1941, Verwey and Overbeek, 1955). The attractive van der wals forces and 

repulsive forces are united by the existence of double layer (Derjaguin et al., 1987). This theory relates 

forces involving fluid films and planar substrates. To understand the forces derivative from the present 

charges at the different solid-fluid or fluid-fluid interfaces, this theory can be used.  

3.1.7.3 Disjoining pressure 

Disjoining pressure is a force that tends to take apart two interfaces (Hirasaki 1991). Interaction force 

between the wetting and non-wetting phase is considered necessary to be understood to illustrate the 

wetting and de-wetting phenomenon of immiscible fluids on rock surface. Why a solid surface favors 

one fluid over another can be explained by determining the contact angel of the droplet of both fluids 

on that surface. This contact angel depends on the capillary pressure PC and the disjoining pressure Π 

in the wetting film that separates the wetting phase and the solid surface. The disjoining pressure begins 

to take part in a vital function when the depth of this wetting film becomes smaller than 0.1 μm. The 

Laplace- Young equation (equation 12) explains the constancy of these lean separating wetting films:  

𝑃𝐶 =  𝛱 + 2𝜎𝐽 …………………………(12) 

Where,  

𝑃𝐶 is the capillary pressure between wetting and non-wetting phases,  

Figure 5: Relation between EDL thickness and Concentration (Molnes, 2017). 
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Π is the disjoining pressure,  

𝜎 is the interfacial tension between two fluids and  

𝐽 is the mean surface curvature. 

3.2 Wettability 

Wettability is one of the most important surface properties in smart water flooding. Wettability 

determines whether a fluid will stretch on or stick to the surface in the existence of a different 

immiscible fluid (Zolotuchin and Ursin, 2000). Relative permeabilities, irreducible water saturation, 

capillary pressure and residual oil saturation depend on the wettability of the rock surface. The success 

of smart water flooding depends on the wettability because of its consequences on position, flow and 

allocation of the fluid phases (Anderson, 1986c).   

Rock surface can be either strongly oil wet or strongly water wet or in between. Water will inhabit the 

smaller pores and will get in touch with most of the rock plane in strongly water wet reservoir. In this 

case, oil will remain as globules at the middle of the bigger pores that can be expanded over several 

pores. Oil recovery with water flooding is not possible in strongly water wet reservoir after a limited 

amount of production. On the other hand, in strongly oil wet reservoir, formation water remains in the 

middle of the big pores as droplets and the oil remain as a thin layer covering the rock surface. Oil also 

occupies the smaller pores. High oil recovery can be possible by water flooding even after water 

breakthrough. Whether the reservoir is strongly oil wet or water wet can be measured by contact angle 

showed in table 2. The angles are measured through the water phase and shown in figure 6.  

Table 2: Classification of wettability by contact angel. 

Contact angle (˚) Wettability preference 

0 – 30 Strongly water-wet 

30 – 90 Preferentially water-wet 

90 Neutral wettability 

90 – 150 Preferentially oil-wet 

150 – 180 Strongly oil-wet 
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If the three interfacial tensions (σos, σws and σow) are in mechanical stability as shown in figure 6 then 

Young’s equation can be used to express the relation between all the tension and contact angel 

(Anderson, 1986b). 

os = ws + ow cos ………………………. (13) 

Where, 

θ is the contact angle measured through the denser phase,  

σos  is the oil solid interfacial tension,  

σow is the oil-water interfacial tension and  

σws  is the water-solid interfacial tension. 

 

Due to different pore size, pore distribution and various mineral compositions throughout the reservoir, 

the wettability will vary. Salathiel introduced mixed wettability in 1973 where smaller pores are filled 

with only water and the bigger pores are filled with oil (Salathiel, 1973). Frictional wettability was 

introduced in 1959 in which the smaller pores are fully saturated by oil and bigger pores are fully 

saturated by water (Fatt and Jr., 1959). Water flooding is mostly effective when the wettability is close 

to neutral wet but little bit on the water wet site (Jadhunandan and Morrow, 1995; Tang and Morrow, 

1997; Yildiz et al.,1999; Zhang and Morrow, 2006). Different wettability are showed in microscopic 

level in figure 7.  

Figure 6: Contact angel measurements through water phase (Craig, 1971) 
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3.2.1 Factors affecting wettability 

Wettability is affected by numerous factors, which are strongly related to reservoir mineralogy, crude 

oil, brine composition and their interaction among each other. The wetting scenario can change 

dramatically with small changes of any parameters. Thus, it is important to know how they affect the 

wettability individually. 

3.2.1.1 Mineralogy 

The interaction between solid and fluid in the reservoir depends on the mineralogy, which controls the 

adsorption of polar components. At standard reservoir pH condition, a sandstone rock is normally 

negatively charged. The isoelectric point is about 2.2-2.8 of clays and silicate that influences the 

negative charge and thus influences the wettability. As a result, the mineralogy directly influences how 

the fluid both crude oil and formation brine wet the porous surface (Buckley et al., 1998; Jaafar et al., 

2014). 

3.2.1.2 Brine composition 

The chemical composition, salinity and the pH of brine is the most controlling factors in the wetting 

processes (Anderson, 1986a). The brine composition of both formation and injection water is capable 

of stimulate surface charge on the rock surface or oil water interface. As the formation water is in an 

equilibrium state for a long time, change in charge is not experienced in reservoir condition (Buckley, 

Figure 7: Different wettability in microscopic level in reservoir (Abdullah 2016). 
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1994; Buckley and Liu, 1998; Buckley et al., 1998; Buckley and Fan, 2007; Alroudhan et al., 2015). 

Using different wettability test, many scientists have shown that the changes of the brine parameter 

such as pH, salinity and composition depends on the oil, rock and brine interaction (Zhang et al., 2007; 

Morrow and Buckley, 2011; RezaeiDoust et al., 2011). 

Wettability alteration in sandstone has been a center of interest in current years in petroleum industry 

and there are many theories to understand the wettability change in case of low salinity water flooding.  

Wettability alteration by increasing the pH is one of the most discussed topics (Austad et al., 2010; 

Morrow and Buckley, 2011; Didier et al., 2015; Shi et al., 2016). Many experiments have established 

that the pH has a significant function in the development of protonation and deprotonation of polar 

components in the oil phase which affects the attraction towards sandstone surface and changes the 

initial wetting (Buckley et al., 1989; Austad et al., 2010; Brady et al., 2015; Torrijos, 2017).  

3.2.1.3 Crude oil composition 

As crude oil is one of the most complex mixtures of organic compounds, understanding the influence 

of it in wettability is difficult to explain though scientists have taken limitless attempts to know it 

better. Jill S. Buckley found that asphaltenes and resins of crude oil have the highest impact on 

wettability on the surface of rock (Buckley, 1995; Buckley et al., 1998; Buckley, 2001). Asphaltenes 

have the highest molecular weights, other than resins have higher levels of NSO compounds. NSO 

compounds contain nitrogen, sulphur and oxygen. Therefore, resins are more polar than the 

asphaltenes. The resin fractions that are NSO rich have higher surface activity, and as a result may 

influence the wetting behavior of the oil (Aksulu et al., 2012; Standnes and Austad, 2000). The oil-

water interphase becomes charged when they have been exposed to water and exposes the electrical 

characteristics of the organic compounds. It depends on the type of compound and its concentration. 

Crude oil is adsorbed onto the mineral surface when opposite charges interact by intermolecular or 

interionic forces as both positive and negative charge can be present in the interface (Buckley et al., 

1998; Hirasaki, 1991). Buckley et al. (1998) mentioned the main mechanism of interaction credited to: 

• Polar interactions that dominate in the absence of water film between oil and solid.  

• Surface precipitation that depends mainly on crude oil solvent properties, with respect to the 

asphaltenes.  

• Acid/base interactions that control surface charge at oil-water and solid-water interfaces.  
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• Ion binding or specific interactions between higher valency ions and charged sites. 

Additional aspects such as water chemistry and mineralogy are also responsible for when determining 

if a crude oil is able to alter the wettability of a surface, because they enforce significant assistance to 

the interactions between the oil and the rock surface (Austad et al., 2013; Morrow et al., 1998; Molnes, 

2017). 

3.2.1.4 Core restoration 

Core restoration consists of three basic steps: core cleaning, core saturation and aging. During these 

processes, it is always a big challenge to restore the same wettability as before in the reservoir. 

Numerous investigations have been done to recognize initial wettability and develop core restoration 

techniques, although there is a need of universal agreement to assess which is the best procedure to go 

after. Nevertheless, a mixture of latest screening methods could assist to diminish the ambiguity in the 

assessment of initial wetting, which is of high significance in the EOR field (Torrijos, 2017). 

3.2.1.5 Pressure and temperature 

Solubility of polar active components in crude oil increases as pressure and temperature increase. 

Because of the reduction in the solubility of wettability altering components, it has been experienced 

that the cores behave more oil wet at atmospheric condition. The change in pressure could cause fluid 

ejection from the porous media during the removal of core material from reservoir (Anderson, 1986c). 

However, some other experiments have verified that pressure effect does not affect the wettability such 

as Wang and Gupta (1995). Rao (1999) found that quartz surface become more oil wet when 

temperature increases. Berea sandstone also became more oil wet when the aging temperature was 

increased (Jadhunandan and Morrow, 1995).    

3.2.2 Wettability alteration in Sandstone 

Wettability alteration in sandstone is difficult to evaluate because of the variety of mineralogy and 

geochemical complexity. Wettability of sandstone can vary from strongly water-wet to strongly oil-

wet and for that reason a cautious assessment of initial wettability of the core is important to have a 

successful procedure of wettability alteration (Torrijos, 2017). 
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3.3 Mineralogy of sandstone 

The focal point of this thesis is to understand the transportation of alkalinity of different brines in 

sandstone using pH-screening test. Therefore, it is very important to understand the mineralogy of 

sandstone. Sandstone is a sedimentary rock formed by the deposition of clastics and detritus through 

lithification. Clastics and detritus was formed from other rock by weathering or erosion and transported 

by the natural energy like water and wind. The porosity, permeability and sorting depend mainly on 

the transporting system, depositional environment and the property of mother rock. Those parameters 

are very important reservoir properties and determine how good the reservoir is. Sorting impact on 

different reservoir properties are demonstrated in figure 8 below: 

 

 

 

 

 

 

Sandstone are composed of many different minerals as they are eroded, transported and deposited from 

numerous rock system. Most common minerals are clays, micas, feldspars and quartz. They are 

discussed briefly below: 

Quartz: Quartz is the most common mineral found in sandstone that contributes around 60-70% of all 

sandstone of the world because they are highly resistant to weathering. Quartz is a silicate mineral 

consisting of silicon and oxygen (SiO2). According to Caroll (1959), silt fraction of quartz ranging with 

size 2 to 63 μm and has a cation exchange capacity (CEC) of 0.6 cmol kg -1, compared to clay fraction 

of quartz with size lower than 2 μm and CEC of 5.3 cmol kg -1. 

Figure 8: Impact of sorting in reservoir porosity (Jahn et al., 2008; Molnes 2017) 
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Micas: Micas are eroded from igneous, metamorphic and other sedimentary rock, abundant in 

sandstone and are phyllosilicates. Micas can be classified in two chategories: biotite and muscovite. 

Biotite is white in color and muscovite is brown (Nichols, 2009; Pettijohn, 1975).  

Feldspars: Feldspar is a silicate mineral eroded from igneous rock mainly from granites. They are 

softer than quartz and more vulnerable to weathering during transportation and degradation. In contact 

with hydrogen ions, they change to clays by hydration process as described in equation 14 (Velde and 

Meunier, 2008). 

Feldspar + hydrogen ions  
Water
→     clay + cations ……………….(14) 

Feldspars are mainly consisted of silicon and oxygen, though calcium, potassium and sodium may also 

be present there and the type of feldspar is dependent on those ions. Feldspars can be classified as 

potash feldspars (KAlSi3O8), albite (NaAlSi3O8) and anorthite (CaAl2Si2O8) (Crundwell, 2015; 

Nichols, 2009). Albite is one of the last feldspars to crystalized from magma at lower temperature and 

is found near the surface. On the other hand, anorthite formed in higher temperature. Major diversity 

among these three feldspars is the crystal structure, which depends on temperature of molten rock 

solidification, its cooling rate and geothermal history.   

Clays: Clays are mainly aluminum silicate and a product of weathering from silicate mineral like 

silicates. They are mainly composed of aluminum and silica with frequently containing large amount 

of magnesium, iron, sodium and potassium. Normally, clays are consisted of two building units: 

tetrahedral silica sheets and octahedral aluminum sheets. These sheets are connected together by 

sharing oxygen ions between Si4+ and Al3+ ions. Though these two ions are the major inhabitants in 

the space between two layers, other cations may also be present to ensure charge balance. Two-layer 

system is known as kandite group while three-layer system is known as smectite group (Nichols, 2009; 

Worden and Morad, 2003). The four most common clay minerals found in sedimentary rocks are 

shown in figure 9 (Molnes, 2017). 
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Kaolinite (Al2Si2O5(OH)4) is consisted of one tetrahedral and one octahedral layer though O-H-O 

bonds and described as 1:1 layer structure. Montmorillonite is consisted of one octahedral sheet and 

two tetrahedral sheets, therefore, known as 2:1 layer structure. It can absorb water within this structure 

and can swell. For this reason, it is also known as swelling clays. On the other hand, illite is also 

consisted of 3 layers, two tetrahedral and one octahedral layers, but opposing tetrahedral layers are 

bound together with O-K-O bonds. As the bond is very strong, it prevents swelling of the clays. 

Chlorite is also one kind of clay that is made of layers but a different structure. It has 2:1:1 structure 

that consists of a 2:1 layer (tetrahedral-octahedral-tetrahedral) which is negatively charged and an 

octahedral layer that is positively charged (Nichols, 2009; Worden and Morad, 2003).  

Clay minerals have a distinguishing future that separates it from other minerals. They have a negative 

charge at the edge of every unit cell, which enable them to interact with the surrounding to stabilize 

the charge. This ability is measured by cation exchange capacity (CEC) of a clay mineral (Velde and 

Meunier, 2008). It measures the ability of the mineral to attract and take cations from the surrounding. 

The ability to attract the cations towards clay minerals is shown below (Yong et al., 2012):    

Figure 9: Crystal structure of most common clays (Adapted from Nichols, 2009) 
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Li+ < Na+ < K+ < Mg++ < Ca++ < Sr++ < Ba++ < Cu++ < H+ 

For example, this sequence implies that when the same concentrations of Na+ and Ca++ exists, the Ca++ 

cations will be better at displacing Na+ from the clay surface than Na+ will be at displacing Ca++. 

However, if the concentration of the high replacing power cations is low than this sequence can be 

broken (RezaeiDoust, 2011; Molnes, 2017).  Properties of most common clay minerals are summed up 

in table 3 below. 

Table 3: Properties of most common clay minerals (IDF, 1982). 

Property Kaolinite Illite Chlorite Smectite 

Structure 1:1 2:1 2:1:1 2:1 

Particle size (µm) 0.5-5 Highest 0.5 0.1-5 0.1-2 

CEC (meq/100g) 3-15 10-40 10-40 80-150 

Typical surface area BET (m2/g) 15-25 50-110 140 30-80 
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4 Smart water 

Smart water is a brine that is injected not only to maintain the reservoir pressure but also to improve 

oil recovery by changing wettability of the rock. Water flooding is being used for centuries to produce 

oil and in this process, a huge amount of residual oil is being left in the reservoir. Since last two 

decades, a new era of oil recovery has opened with low salinity water flooding. Under the umbrella of 

“smart water”, oil companies and scientists have improved this technique by modifying the ion of the 

injected water according to the reservoir properties. This injected water is known as low salinity water 

or engineered water or modified water or smart water flooding. Even if sea water and modified sea 

water of high salinity can be called smart water if it changes wettability and increases recovery in 

carbonate rocks. However, this method increases oil recovery less than other chemical processes (Such 

as ASP flooding) in some cases, but the cost effectiveness of this method made it popular at recent low 

oil price scenario.    

4.1 Conditions for Low salinity water flooding effect in sandstone 

In some cases, low salinity water flooding showed very good recovery in laboratory but few cases they 

did not show any significant effect. To maximize the low salinity water flooding effect, many 

researchers had proposed some conditions for effective flooding and they are presented below: 

• Clays must be present in the porous medium of sandstone. Organic compounds such as acids 

and/or bases must be present in the crude oil (Tang and Morrow, 1999).  

• Divalent cations such as Ca++/Mg++ must be present in the formation water and the reservoir 

must have formation water (McGuire et al., 2005; Lager et al., 2007) 

• The pH of the produced water normally increases about 1-3 pH unit when low salinity brine of 

1000-2000 ppm is injected, but the low salinity EOR effect also observed for 5000 ppm brine 

(Tang and Morrow,1999; RezaeiDoust et al., 2011). 

• Most of the researchers found that low salinity water is effective when the reservoir 

temperature is under 100°C (Aghaeifar et al., 2015). 
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4.2 Mechanisms of low salinity water flooding 

All the experiments related to low salinity water flooding proposed that the prospective for oil recovery 

depends on the interaction among crude oil, brine and rock. Many researchers have experienced 

increased oil recovery using low salinity water and proposed different mechanism. Sheng (2014) found 

eighteen mechanisms of low-salinity water flooding as follows: (1) fine migration (Tang and Morrow, 

1999); (2) mineral dissolution (Buckley and Morrow, 2010); (3) limited release of mixed-wet particles 

(Buckley and Morrow, 2010); (4) increased pH effect and reduced interfacial tension (IFT) (McGuire 

et al., 2005); (5) emulsification / snap-off (McGuire et al., 2005); (6) saponification (McGuire et al., 

2005); (7) surfactant-likebehavior (McGuire et al., 2005); (8) multi component ion exchange (MIE) 

(Lager et al., 2006); (9) double layer effect (Ligthelm et al., 2009); (10) particle-stabilized interfaces / 

lamella (Buckley and Morrow, 2010; Morrow and Buckley, 2011); (11) salt-in effects (RezaeiDoust et 

al., 2009); (12) osmotic pressure (Buckley and Morrow, 2010); (13) salinity shock (Buckley and 

Morrow, 2010); (14) wettability alteration (more water-wet) (Buckley and Morrow, 2010); (15) 

wettability alteration (less water-wet) (Buckley and Morrow, 2010); (16) viscosity ratio (Buckley and 

Morrow, 2010); and (17) end effects (Buckley and Morrow, 2010). (18) clay hydration and swelling 

(Boston et al., 1969). In addition to this, “desorption by pH increase” suggested by Austad et al. (2010) 

is one of the widely accepted mechanisms for LS EOR. All the mechanisms are related to each other. 

In next section, major mechanisms and their working conditions will be discussed.  

4.2.1 Fines migration 

Tang and Morrow (1999) were among the first researchers who recognized the low salinity impact on 

oil recovery. With the fine migration theory, they had tried to explain the low salinity effect. The theory 

suggested that electrostatic interaction between clay particles are higher in low salinity brine than high 

salinity that guides to expansion of the double layer. Thus, clay particles will be isolated from the rock 

surface. 

Figure 10 shows the discharge of clay particles and oil mobilization. Later, it was found that the fines 

were kaolinite particles from the rock and they cause pressure drop. The discharge of particles can 

block the pore space and reduce permeability that might cause serious reservoir damage. Although, 

evidence of mine migration was not found in several researches (Lager et al., 2008; Aksulu et al., 

2012). On the other hand, cores that do not have kaolinite also showed LS effect that make the fine 
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migration theory questionable (Cissokho et al., 2009). This theory cannot explain the increased wetness 

at given pH with LS compared to HS (Aksulu et al., 2012). 

 

 

 

 

 

 

 

4.2.2 Reducing IFT similar to alkaline flooding 

McGuire et al. (2005) argued that brine rock interaction during LS brine is similar to the mechanism 

of alkaline flooding. In situ generation of surfactant from the residual oil at increased pH occurs during 

alkaline flooding. McGuire et al. (2005) suggested that the main mechanism of LS is generation of in 

situ surfactant and reduction in IFT. 

An increase in the pH of around 2-3 unit in the effluent brine is commonly observed in LS water 

flooding.  LS flooding is considered to be an alkaline flooding when the pH of the effluent reaches 

above 9 (Lager et al., 2006). In alkaline flooding, when acidic oil comes in contact of LS brine in an 

alkaline environment, natural surfactant is generated. The reactions are given below:  

(RCOO)3C3H5 + 3NaOH → 3 (RCOONa)+ C3H5(OH)3 ……………………..(15) 

2(RCOONa)+ Ca(HCO3)2 → (RCOO)2Ca + 2(NaHCO3) …………………….(16) 

There are three different mechanism how the generated natural surfactant can increase the recovery of 

oil. First mechanism is about the reduction of interfacial and surface tensions that decreases the 

Figure 10: Detachment of clay particles and oil mobilization (Tang and Morrow, 1999) 
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capillary forces that reduces trapping of oil. The second mechanism is wettability alteration towards a 

more water wet condition. The third mechanism is diffusion of oil into the water phase by behaving as 

an emulsifying agent (McGuire et al., 2005). Whereas, HS brine has higher concentration of divalent 

ions (Ca2+/Mg2+) that prevent surfactant to precipitate causing low oil recovery, LS has low 

concentration of these divalent cations and help surfactant to precipitate. Thus, LS works better than 

HS in oil recovery according to this mechanism (Anderson, 1986a; McGuire et al., 2005).  

There are quite a few observations that do not have the same opinion with the mechanism 

recommended by McGuire et al. (2005). Core flooding of North Sea reservoir whose crude oil had a 

very low acid number, showed a very good recovery of oil with LS flooding though to generate natural 

surfactant in alkaline flooding requires an acid number greater than 0.2. Other researches with oil 

having low acid number showed good oil recovery that is against this mechanism (Torrijos, 2017). 

On the other hand, oil recovery was observed while very low pH change in effluent during LS flooding 

which indicates no natural surfactant generation. Zhang et al. (2007) and Pu et al. (2008) observed oil 

recovery with an insignificant increase in pH that goes against the mechanism. Cissokho et al. (2009) 

and Torrijos (2017) experienced no oil recovery where pH increased up to 10. All these researches 

make this mechanism vulnerable.  

4.2.3 Desorption by pH Increase 

Austad et al. (2010) proposed a chemical mechanism of LS flooding where pH increases in the system 

due to desorption of initially adsorbed cations from the clay surface and disturbs the initial equilibrium 

between crude oil, brine and rock systems in the core. This outcome produces negative charges on the 

clay exterior that must be charge balanced. The H+ ion has the largest affinity towards clay minerals in 

reservoir condition, and by adsorption of an H+ ion from water, molecules, creating a local pH increase. 

This increase in pH will origin desorption of organic material from the clay surface. The reservoir will 

be less water wet wet if more organic materials adsorbed onto the clay surface. The system will change 

to more water wet when the organic material desorbs due to a change in charge because of the pH 

increment. The shift in charge with shift in pH can be seen from the following equations: 

(Low pH) 𝑅𝐶𝑂𝑂𝐻 ↔ 𝑅𝐶𝑂𝑂− + 𝐻+ (High pH)……………………….(17) 
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(Low pH) 𝑅𝑁𝐻3+ ↔ 𝑅𝑁:+𝐻+ (High pH)………………….(18) 

Thus, as the pH at the water-clay interface increases and results the discharge of organic compounds 

from the clay surface and the system become more water wet. As a result, it becomes easier to displace 

the oil and increase oil recovery. Table 4 represents the suggested mechanism for both acidic and basic 

organic material.  

Table 4: Smart water mechanism in LS displaying how absorbed acidic and basic materials from clay 

mineral can be removed by desorption (Austad et al., 2010). 

Organic 

Material 

Initial Situation 

 

Low Salinity Flooding 

Situation 

Final Situation 

 

 

Basic 

   

 

Acidic 

   

Austad et al. (2010) experienced that the desorption of both acidic and basic crude oil took place as the 

pH number increases from around 2-3 units which shows that pH augment is diminishing the 

adsorption of oil components to the clay surface. 

4.2.4 Multicomponent ion exchange 

Lager et al (2008) proposed multicomponent ion exchange mechanism (MIE) which suggested that 

multivalent cations present in the formation water would attach to polar components present in the oil 

phase forming organo-metallic complexes and propping up oil-wetness. MIE occurs by removing 

organic polar compounds and organo-metallic complexes from the surface and exchanging them with 

uncomplexed cations during LS flooding. They believed that LS effect does not happen when the 

formation water is barred from divalent ions during the aging process. They claimed that an ion 

exchange process should remove the organic material (Lager et al., 2008). 
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Lager et al. (2008) experienced a drop in the Mg2+ concentration in a larger extent than Ca2+, and it 

was attributed to an exchange mechanism. However, Austad et al. (2010) argued that these 

observations might be the cause of precipitation of divalent ions within the core material. Additionally, 

Cissokho et al. (2009) experimented that the concentration of divalent ions is key parameter in the LSE 

(Cissokho et al., 2009). Figure 11 illustrates suggested mechanism of organic matter adsorbed onto 

clay mineral. 

 

 

 

 

 

 

 

 

 

4.2.5 Salting-in Salt-out effect 

RezaDoust et al. (2009) proposed salting-in effect for LS water. Solubility of organic material in water 

is reliant on the formation of water around the hydrophobic part because of hydrogen bonds between 

water molecules. Water molecules can build water structure around the hydrophobic tail of the organic 

molecules when the salt concentration is decreased. As a result, the solubility of the material increases 

and causes desorption as shown in figure 12.  

Salt-in effect is described as decline in salt beneath a critical ionic strength, which will increase the 

solubility of organic material in the aqueous phase and desorption of carboxylic material. On the other 

hand, salting-out is referring to reduced solubility of organic material by increased in salinity. Cations 

Figure 11: Attraction of divalent cations and clay surface. Redrawn from Lager et al. (2008). 
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such as Na+, Ca2+ and Mg2+ break up the water structure around the organic molecule and reduce the 

solubility (RezaDoust et al., 2009). 

 

 

 

 

 

 

 

However, this mechanism is no longer believed since the exact opposite behavior was seen when doing 

the adsorption experiments of quinoline onto kaolinite clay (Austad et al., 2010).  

4.3 pH screening Test:  

Researchers from University of Stavanger established pH screening test as a Smart water EOR 

potential observing method in sandstone. Instead of using oil, 100% saturated core with formation 

water is used at reservoir temperature and flooded with the brine which EOR potential needed to be 

tested. The interaction between effective surface area exposed to flooded brine and the brine is 

observed during this test by measuring the effluent pH, density changes, pressure difference of inlet 

and outlet core and the composition of produced brine. It gives information about initial wetting and 

reversibility of the process.  

An example is shown in Figure 13 where PV flooded is shown against pH of the effluent. Rock samples 

which have the potential to show LS EOR effects are characterized by an initial pH below 7 because 

low pH favors the adsorption of polar components onto the rock surface creating mixed-wet conditions. 

Moreover, a significant increase in pH during LS water flooding is also a good indication of a positive 

EOR potential. The pH increase in sandstone will generate the conditions for desorption of polar 

Figure 12: Illustration of salt-in and salt-out effect (RezaDoust et al., 2009). 
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components and therefore changing the wettability towards a more water-wet state. Under such 

conditions, the Smart Water EOR effect may take place. Though oil is not used in this process, it can 

forecast the LS EOR effectiveness in a quick time. Nevertheless, for confirmation, oil recovery test 

should be used (Aksulu et al., 2012; Torrijos, 2017) 

 

 

 

 

 

 

 

Figure 13 A typical pH screening test. Change in effluent pH versus PV-injected fluid in core OC1 at 

40, 90, and 130 °C. The brine flooding sequence was HS−LS− HS. The switches of injection fluids 

are indicated by the dashed lines (Aksulu et al., 2012). 

In this thesis, the potential EOR effect for LS and alkaline is compared by pH screening test. Alongside 

measuring the pH of the effluent, density change, pressure difference, composition of produced water 

are monitored.  
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5 Alkaline Flooding 

Alkaline flooding is one of the oldest IOR methods used in petroleum industry and numerous 

researches had been done on it during 70’s and 80’s as there was less cost required for this method. 

However, due to low recovery rate, scaling problems in producing wells, reservoir damage due to 

chemicals and of course for other methods which give more recovery than alkaline, this method is not 

used much now a days. Different researches suggested that alkaline works much better when it is mixed 

with surfactant and polymer and many research papers have been published on alkaline, surfactant and 

polymer.   

Due to higher oil price, heavy oil recovery became economically viable and alkaline flooding became 

important again because heavy oils have high contents of organic acids (saponifiable components) to 

react with alkalis so that surfactants (soaps) are generated in situ. However, in this thesis, alkaline 

flooding was compared with low salinity water flooding for conventional oil recovery as both the 

methods shows increase pH in effect in the core. For this reason, researches that were considered for 

the thesis was done only for conventional oil recovery and most of them were done in the 20th century.  

In this chapter, the basic reaction of crude oil, rock and water with alkaline water is discussed. The 

mechanism how alkaline water worked as an IOR injection fluid in improving oil recovery is also 

discussed along with the comparison of different alkaline that were used for improving oil recovery 

previously.   

5.1 Alkaline reaction with Crude oil:  

Alkaline reaction with crude oil is the most important thing in alkaline IOR method.  

5.1.1 In Situ Soap Generation 

During the alkaline flooding, the injected alkaline water reacts with the acidic components of the crude 

oil. These acidic components are known as petroleum acids or naphthenic acids. Naphthenic acid is a 

mixture of many cyclopentyl and cyclohexyl carboxylic acids with molecular weight from 120 to 

around 700. It can be consisted of carboxylic acids (Shuler et al., 1989), carboxyphenols (Seifert, 

1975), porphyrins (Dunning et al., 1953), and asphaltene (Pasquarelli and Wasan, 1979). The 

composition differs with the crude oil composition and the conditions during raffination and oxidation 

(Rudzinski et al., 2002). 
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A highly oil-soluble single pseudo-acid component (HA) is assumed in the oil. This pseudo acid 

component is divided into the oleic and aqueous phases and subsequent hydrolysis in the presence of 

alkaline to produce a soluble anionic surfactant A− (Such as RCOO−), as shown in Figure 14. 

  

 

 

 

 

The extraction and hydrolysis reaction is given below, 

𝐻𝐴𝑜 +𝑁𝑎𝑂𝐻 ↔ 𝑁𝑎𝐴 +𝐻2𝑂……………………………….(19) 

This reaction strongly depends on the pH of aqueous solution and takes place at the interface of water 

and oil. Fractions of organic acids in oil become ionized when it comes in in contact with alkaline 

water, while others remain neutral electronically. Acid soaps are formed when hydrogen bond is 

created between the neutral and ionized acid. Thus, the overall reaction of equation (19) is decomposed 

into a distribution of the molecular acid between the oleic, aqueous phases and an aqueous hydrolysis 

(deZabala et al., 1982).  

𝐻𝐴𝑜 ↔ 𝐻𝐴𝑊   …………………………….(20) 

𝐻𝐴𝑊 ↔ 𝐻+ + 𝐴− ………………………….(21) 

Here, HA is a single acid, A is a long organic chain and o and w represents aqueous phases.  

Zhao et al. (2002) Showed that the IFT of extracted oil (Produced oil) with same NaOH solution is 

higher than the crude oil. The acidic components in crude oil react with alkaline to reduce IFT. 

 

Figure 14: Schematic of alkaline recovery process. (deZabala et al., 1982). 
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5.1.2 Emulsification 

Creation of emulsion or emulsification mainly depends on oil water IFT. It is easy to create emulsion 

when IFT is low. In addition, the stability of emulsion depends on the film of the water oil interface. 

Because of high IFT of extracted oil with alkaline water, it is not easy to create emulsion. That’s why 

nowadays, industry uses surfactant with alkaline water to reduce IFT between extracted oil and water 

to lower IFT value to create emulsification. 

Huang and Yu (2002) experienced that emulsification was not completely reversible. When the 

dynamic IFT reached ultralow, emulsification occurred and even when dynamic IFT went up, 

emulsified oil droplets did not easily coalesce. Emulsification is instant and very stable in alkaline 

flooding. In enhanced oil recovery, minimum IFT plays an important role from this emulsification 

point of view. From the low IFT point of view, we may think we should use equilibrium IFT because 

reservoir flow is a slow process. However, the core flood results in the Daqing laboratory showed that 

when the minimum dynamic IFT reached 10-3 mN/m level and the equilibrium IFT was at 10-1 mN/m; 

the ASP incremental oil recovery factors were similar to those when the equilibrium IFT was 10-3 

mN/m (Li, 2007). One explanation is that once the residual oil droplets become mobile owing to the 

instantaneous minimum IFT, they coalesce to form a continuous oil bank. This continuous oil bank 

can be move even when the IFT becomes high later. Then for this mechanism to work, the oil droplets 

must be able to coalesce before the IFT becomes high. As it will be more difficult for such a mechanism 

Figure 15: Change of IFT of extracted oil (Produced oil) by using alkaline solution (Zhao et al., 

2002). 
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to function in field conditions rather than in laboratory corefloods, this mechanism is not universally 

accepted (Sheng, 2011). 

5.2 Alkaline reaction with formation water 

When alkaline water come in touch of formation water in the reservoir, Precipitation of calcium and 

magnesium hydroxide, carbonate or silicate may happen. This precipitation forming depends on pH, 

ion concentration, pressure temperature and many more things. These precipitates may have positive 

or negative impact on improving oil recovery. Precipitates can block the pore and diverse the flow to 

an upswept area and increase oil recovery. On the other hand, due to precipitation, number of cation 

of formation water may reduce which will create more activity of surfactant and lower the IFT value 

(Mayer et al., 1983).    

On the negative side of this, this precipitation may seriously damage the reservoir by blocking the way 

that the injecting water could not reach all the area of reservoir where they could reach without 

precipitation. Reduction of permeability will also harm the possibility of further injection of injecting 

fluid. Moreover, it can create scale problem in the production well as well. Even near the injecting 

well, it can block the pore space. To solve this, costly chemical need to be used and it will increase the 

operational cost. 

5.3 Alkaline reaction with Rock 

Alkaline reaction with rock is most difficult and less studied topic of alkaline flooding because of large 

number of reaction possibilities of rock and alkaline as the mineralogy of rock is intricate. On the other 

hand, clays have a huge surface area. When clays come in contact with alkaline water, clay surfaces 

will try to equilibrate with its new environment and exchange ion with alkaline water. As the pH of 

alkaline water is high, hydrogen ions of clay surface will react with hydroxide ions of alkaline water 

and reduce the pH of alkaline solution. As alkaline water moves through the reservoir, the alkalinity 

will be consumed. This can be explained by the following equation- 

𝐻 − 𝑋 + 𝑁𝑎+ +𝑂𝐻− ↔ 𝑁𝑎 − 𝑋 + 𝐻2𝑂 …………………………..(22) 

Where X represents mineral-base exchange sites. Similarly, for Na+, Ca2+ exchange, we have 

2𝑁𝑎 − 𝑋 + 𝐶𝑎2+ ↔ 𝐶𝑎 − 𝑋 + 2𝑁𝑎+ ………………………………….(23) 
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Not only Hydrogen, but divalent like calcium and magnesium ions are also presents in clays and when 

calcium free alkaline water come in touch of clays, calcium or magnesium ions of the clay surface will 

exchange sodium ions in the alkaline solution causing calcium or magnesium precipitation. Reaction 

of this kind of cation exchange can be represented by following equations. 

𝐶𝑎 − 𝑋2 + 2𝑁𝑎
+ + 2𝑂𝐻− ↔ 2(𝑁𝑎 − 𝑋) + 𝐶𝑎(𝑂𝐻)2…………………………(24) 

𝐶𝑎 − 𝑋2 + 2𝑁𝑎
+ + 𝐶𝑂3

2− ↔ 2(𝑁𝑎 − 𝑋) + 𝐶𝑎𝐶𝑂3…………………………….(25) 

Ion exchange is a fast-reversible process but dissolution of rock by alkaline is an irreversible long-term 

kinetic process which can also happen. The number of possible reaction between rock and alkaline 

water is huge as rock has different mineralogy. Ehrlich and Wygal (1977) studied caustic consumption 

in different minerals and found high consumption rate for clays and less consumption for dolomite, 

calcite and quartz. 

Holm and Robertson (1981) found the amount of Na4SiO4 consumed by reaction with exchangeable 

divalent ions on Muddy sandstone was 0.5 meq/ kg rock (0.05 lb/bbl PV). Krumrine et al. (1982) found 

the NaOH consumption was 40 to 160 meq/kg due to ion exchange using a mixture of 0.16% and 

0.35% NaOH and NaCl, respectively. 

Ehrlich and Wygal (1977) and Grim (1939) observed alkalinity loss for clays. Increase in the 

consumption of alkalinity was experienced with the increase in temperature, pH of the alkaline solution 

and contact time by Cooke et al. (1974). In general, the consumption of alkalinity is highest for 

kaolinite and gypsum, temperate for montmorillonite, illite, dolomite and zeolite, fairly low for 

feldspar, chlorite, and fine quartz, Lowest for quartz sand and Insignificant for calcite (Sheng, 2011). 

Shen and Chen (1996) made a list of the alkaline consumption in rock in this order: gypsum > 

montmorillonite > kaolinite > illite > anorthosite (plagioclasite) > microclinite > quartz > mica > 

dolomite > calcite.  

Cooke et al. (1974) experimented that the consumption of alkalinity depends on contact time. For that 

reason, it can be said that laboratory experiment of core flooding cannot measure the alkalinity 

consumption correctly, but it is obvious that alkalinity is consumed.  
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5.4 Recovery mechanisms 

There are many recovery mechanisms for alkaline flooding proposed by different researcher. Among 

them, the main and most studied mechanism is lowering the IFT by creating natural surfactant. Eight 

mechanisms were found about alkaline IOR. According to Radke and Somerton (1983), they are 

emulsification with entrainment, emulsification with entrapment, emulsification with coalescence, 

wettability alteration (i.e., oil wet to water wet or water-wet to oil-wet), wettability gradients, oil-phase 

swelling, disruption of rigid films and low interfacial tensions (Sheng, 2011). Along with the main 

mechanism, all other proposed mechanisms are discussed in this section. 

5.4.1 Lowering IFT by generating surfactant 

During flooding, alkaline water reacts with the acidic part (naphthenic acid) of crude oil and generates 

natural surfactant and decreases the IFT. Details of surfactant or soap generation are discussed in 

previous part 5.1.1.  

5.4.2 Wettability alteration 

This method can be classified in two- oil wet to water wet and water wet to oil wet. 

5.4.2.1 Oil wet to water wet:  

Oil Production increases if the wettability changes from oil wet to more water wet. This mechanism is 

only applied to oil wet reservoir because residual oil in water wet system is immobile and discontinuous 

as compared to oil wet system (Wagner and Leach, 1959). Mungan (1966a) established that alkaline 

flood decreases the water relative permeability and, in another experiment, he (1966b) experienced 

higher oil recovery in Teflon cores, which was oil wet with alkaline flooding by wettability alteration 

mechanism. On the other hand, many Russian researchers got similar results that showed that the cores 

became more water wet during alkaline flooding (Sheng, 2011). 

5.4.2.2 Water wet to oil wet: 

 This mechanism is proposed by (Cooke et al., 1974) and it needed to be better described as this is 

totally opposite to the opinion that the reservoir should be made more water wet to produce more oil.  

In this mechanism, a non-wetting residual oil in transformed to an uninterrupted wetting phase, 

providing a way for oil what otherwise would be trapped. At the parallel moment, low interfacial 
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tension induces development of an oil-external emulsion of water droplets in the uninterrupted, wetting 

oil phase. These emulsion droplets have a propensity to obstruct flow and stimulate a high-pressure 

gradient in the area where they generated. The high-pressure gradient, in turn, is said to surmount the 

capillary forces already reduced by low interfacial tension, as a result plummeting residual oil 

saturation more. Drainage of oil from the volume between emulsified alkaline water drops leaves 

behind a high water–content emulsion in which residual oil saturation may be as low as 5% PV (Sheng, 

2011).  

5.4.3 Emulsification and Coalescence 

 Emulsification and coalescence are related to instinctively generated unsteady water oil emulsion 

(Castor et al., 1981) or mixed emulsion. Secluded oil droplets are emulsified after coming in touch 

with alkaline water. The emulsified droplets join together with each other to become larger droplets 

while they travel in the pores; this happens because the films of water oil emulsion are not firm and 

can be easily split and combine to become larger. A few of the emulsified droplets are stopped at pore 

throats. Therefore, the mechanism of oil recovery is to boost sweep efficiency and amplify coalescence 

of oil drops into an uninterrupted oil bank (Sheng, 2011). 

5.4.4 Emulsification and Entrainment 

Low acid number, low salinity, high pH, oil water emulsion size less than the diameter of pore throat 

is the condition for this mechanism to work. In this mechanism, the crude oil is emulsified and reduce 

IFT and entrained by the flowing alkaline solution (Subkow, 1942).  

5.4.5 Emulsification and Entrapment 

Moderate acid number, low salinity, high pH, oil water emulsion size greater than the diameter of pore 

throat is the condition for this mechanism to work. In this mechanism, the emulsified oil droplets block 

the pore space and increase the sweep efficiency. However, Ehrlich and Wygal (1977) experimented 

19 crude oils and found only one viscous crude (44.2 cP at 25°C) with a high acid number (1.39 mg 

KOH per gram of oil) that showed evidence of emulsification as a recovery mechanism. They 

suggested that the minimum acid numbers from 0.5 to 1.5 mg KOH per gram of oil are needed for the 

emulsification mechanism to be efficient (Sheng, 2011).  
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5.5 Alkalis used in alkaline flooding 

Sodium carbonate, sodium hydroxide, sodium orthosilicate, sodium metaborate, sodium 

tripolyphosphate, ammonium carbonate, ammonium hydroxide are the most studied alkalis for alkaline 

flooding. The first three among those are mostly used to improve oil recovery purpose. Sodium 

hydroxide generates OH- by dissociation, sodium carbonate and sodium orthosilicate through the 

development of weakly dissociating acids (silicic and carbonic acid, respectively) that remove free H+ 

ions from solution.  

As our aim is to see the pH transportation ability of different cores, we will discuss the pH of different 

alkalis and it is given on the figure 16.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: pH values of alkaline solutions at different concentrations at ambient condition: 1, sodium 

hydroxide; 2, sodium orthosilicate; 3, sodium metasilicate; 4, sodium silicate pentahydrate; 5, sodium 

phosphate; 6, sodium silicate [(Na2O)(SiO2)2]; 7, sodium silicate [(Na2O)(SiO2)2.4]; 8, sodium 

carbonate; 9, sodium silicate; 10, sodium pyrophosphate; 11, sodium tripolyphosphate; and 12, sodium 

bicarbonate (Sheng, 2011). 
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All three alkalis have a little difference in terms of reducing IFT during flooding (Burk, 1987; 

Campbell, 1982). It has also been experienced that the minimum IFT occurs over a narrow range of 

alkaline concentrations, typically 0.05 to 0.1 wt.% with a minimum IFT of 0.01 mN/m (Green and 

Willhite, 1998a). However, the only main difference of using different alkalis is they have different 

scale forming ability. Due to scaling problem, in many Chinese fields, only sodium carbonate was used 

more often. The pH of the solutions varies with salt content. However, by comparison, the pH of 

sodium carbonate solutions is less dependent on salinity (Labrid, 1991). Some of main properties of 

most common alkalis are showed in table 5. 

Table 5: Properties of several common alkalis (Sheng, 2011) 

Main Properties Sodium 

Hydroxide 

NaOH 

Sodium 

Carbonate 

Na2CO3 

Ammonium 

Hydroxide 

NH4OH 

Sodium 

Orthosilicate 

Na4SiO4 

Sodium 

Tripolyphosphate 

Na5P3O10 

IFT Reduction Yes Yes  No Yes No 

Precipitation of Ca2+ Yes Yes  Yes  

Precipitation of Mg2+ Easier Than 

Ca2+ 

No/ Difficult 

than Ca2+ 

 Yes  

Emulsifier Good Yes  Good  Good  

Wettability alteration Yes Yes Good Yes Yes 

Chang (1976) found improved oil recovery using sodium tripolyphosphate, which is a buffer. Sodium 

tripolyphosphate was proposed by Olsen et al., (1990) to minimize divalent precipitation, wettability 

alteration and emulsification. Normally, it is not used as a primary alkali to generate natural surfactant 

to reduce IFT, but it is used with other alkalis mainly sodium carbonate where divalent could be a 

problem (Sheng, 2011). 

5.6 Why sodium carbonate is used more than others? 

Sodium Silicate shows better results of recovering oil but silicate precipitates even at low 

concentration. On the other hand, sodium carbonate precipitates are granular and less adhering on solid 

surfaces (Cheng, 1986). For this, in presence of hard water sodium carbonate shows less permeability 

damage. Both sodium silicate and sodium carbonate can create scale on the production well, but sodium 

carbonate scale can be easily removed by acidizing or by using inhibitors. On the other hand, there is 

no method exist to remove silicate scale in long term. A continuous release of carbonate ions from rock 
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minerals into the solution can be prevented by using sodium carbonate because carbonate ions brought 

by the solution oppose calcite and magnesite dissolution. Sodium carbonate represses calcium ion 

concentration, but not magnesium’s concentration. Sodium carbonate reduces the extent of ion 

exchange and mineral dissolution (in sandstones) as a weaker alkali compared with sodium hydroxide 

because mineral dissolution increases with pH. Owing to the buffer capacity of sodium carbonate, great 

changes in pH are not expected provided that the system is in chemical equilibrium. The preference of 

a weak alkali also comes from the concern of scale in production facilities. Generally, ASP 

formulations use moderate pH chemicals such as sodium bicarbonate (NaHCO3) or sodium carbonate 

(Na2CO3) rather than sodium hydroxide (NaOH) to reduce emulsion and scale problems. Chinese ASP 

projects have had difficulty in breaking emulsion when using a strong alkali such as NaOH (Sheng, 

2011). 

To diminish the corrosion dilemma and scale problem associated with inorganic alkalis such as sodium 

hydroxide and sodium carbonate, an organic alkali was proposed (Berger and Lee, 2006). Metaborate 

was proposed to impound divalent cations such as Ca2+ and to avoid precipitation (Flaaten et al., 2008). 

However, no field test is found for inorganic alkalis (Sheng, 2011). 
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6 Materials and method  

The materials and methods used in the experimental work of this thesis are summarized in this 

section. 

6.1 Brine 

Five different kinds of brine have been used in these experiments: formation water, low saline water, 

alkaline water-1, 2 and 3. Ion composition and properties of the brines are listed in table 6.  

Table 6: Ion composition and properties of brine 

 

Characteristics 

 

FW 

(mM) 

LS 

(mM) 

ALK-1 

(mM) 

ALK-2 

(mM) 

ALK-3 

(mM) 

 

Ion 

Composition 

Na+ 1540.00 17.10 17.30 17.64 18.00 

Ca2+ 90.00 0.00 0.00 0.00 0.00 

Cl- 1720 17.10 15.40 11.98 8.55 

CO3
2- 0.00 0.00 .9434 2.83 4.72 

Brine 

Properties 

pH 6.25 6.05 10.40 10.67 10.85 

Density, gm/cm3 1.067 0.998 0.998 0.998 0.998 

Salinity, ppm 103250 1000 1000 1000 1000 

6.1.1 Brine Preparation 

All chemical substances used to prepare the brines were reagent grade and provided by Merck 

laboratories. Deionized (DI) water was used for the brine preparation with a total organic content T.O.C 

< five ppb and resistivity of 18.2 MΩ cm.  

The brines were filtered using a 0.22 μm millipore membrane filters before using to get rid of any 

possible particles that might block the pore inside the core. Figure 17 illustrates the filtration setup, 

composed of a Büchner flask, a vacuum pump and piece-filtering funnel connected to the flask through 

a black elastomer, as an adapter for sealing. A filter and micro filter paper had been placed in between 

funnels and all of them were locked together to prevent any leakage. A vacuum pump was used to draw 

off the brine via the filter. Finally, the filtered brine amassed into a airtight flask.   
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6.2 Core Material 

Three different outcrop sandstone cores have been used for this experiment: B-1, B-22 and Idaho Gray-

1. B-1 and B-22 were supplied by Total E&P and known as Total outcrops. They were previously used 

in several studies (Austad et al. 2010, RezaeiDoust 2011, Torrijos, 2017). Idaho Gray-1 was also 

provided by Total E&P but it hasn’t been used in any experiment before. Total E&P provided the 

outcrop core material together with mineralogical data composition and cation exchange capacities 

(CEC). In addition to the provided data, porosities and permeabilities of the cores were determined. 

The physical properties are given in Table 7 and mineralogical data is presented in Table 8. SEM and 

EDX were also done to have a closer look on the pores and to check the mineralogy. Figure 18 is 

showing the SEM photo of Total Outcrop B-22. In the figure, clays can be seen frequently which plays 

an important role in LS EOR. Core B-01 and B-22 has higher clays content, 3.4 and 2.9% more than 

Idaho Gray-1 respectively. Core B-01 and B-22 also has higher Quartz content (about 18% more) than 

Idaho Gray-1. On the other hand, Idaho Gray-1 has 22% of microcline which is absent in other two 

cores. 

Table 7: Physical properties of Cores 

Core # PV (ml) Porosity (Φ) Permeability, K (mD) 

B-1 16.3 20.4 na 

B-22 23 20.5 135.1 

Idaho Gray-1 24.26 29 971.2 

 

 

Figure 17: a) A schematic diagram of water filtration setup. b) Water filtration setup in lab. 

a) b) 
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Figure 18: SEM image of core B-22 

Table 8: Main mineralogical composition of cores 

Mineral B-1 B-22 Idaho Gray- 1 

Quartz 58.2 56.20 39.65 

Kaolinite 0.00 0.00 6.00 

Chlorite 1.90 1.70 - 

Illite 8.40 8.10 0.00 

Smectite/Illite (R0-R1) - - 0.90 

Albite 30.40 32.90 29.00 

Microcline   22.00 

Calcite 0.30 0.30 0.20 

Dolomite - - 0.70 

Others 0.80 0.80 1.55 

Total clays and micas 10.30 9.80 6.90 

*This includes smectite (Illite) R0 (Disordered) and/ or R1 (ordered two layers) and/or smectite. 
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Core B-1 and B-22 has a heterogeneous pore size distribution, as shown by Figure 19. 

 

 

 

 

 

 

 

 

6.2.1 Core Preparation 

As Core B-1 and B-22 were used before for oil flooding, they needed to be cleaned from oil. Core B-

22 was provided clean before the experiment but B-1 was not clean. So, Core B-1 was cleaned by 

flooding kerosene, heptane and low salinity water respectively. At First, Kerosene was flushed into the 

core until the effluent color was acceptably clear, indicating that the core was ready for the next step 

of the cleaning process. Figure 20 shows the effluent of core cleaning process after flooded with 

kerosene. At first, the effluent was dark black indicating that the core was saturated with oil before.  

 

 

 

 

 

The core was then flushed with heptane after completion of the kerosene injection. After clear effluent 

Figure 19: Pore size distribution of a core from the same block as the tested core material. Data 

provided by TOTAL E&P (Torrijos, 2017) 

b) a) 

Figure 20: a) Effluent of Core cleaning with Kerosene. b) With Heptane. 
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Formation 

Water 

Figure 22: A schematic diagram of core saturation system. 

was observed with heptane flooding, low saline water was flooded into the core to remove heptane and 

precipitated salts inside the cores. The schematic of cleaning setup can be seen in figure 21. 

 

 

 

 

 

 

Finally, the core was placed in a heating cabinet at 60°C to evaporate remaining liquids in the core. 

The core was dried in the heating cabinet until its weight became constant by several measurements of 

its weight marking that all the liquids had been evaporated. 

6.2.2 Saturation of Core with Brine 

Firstly, the dry cores were placed over marbles inside a plastic container separately. Some marbles 

were placed at the bottom so that the end side of the core have some space to get contact with liquid. 

Then it was place in a sealed system. A vacuum pump was used to take out the air from the system. 

Then the formation water was flowed through a valve, until water column became higher than the core 

height. Then the core remained in the system for 1 hour to become fully saturated. Figure 22 is showing 

the system schematic. 

 

 

 

 

Figure 21: A schematic overview of core cleaning setup. 
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5.2.3 Determination of Pore Volume and Porosity 

The pore volume calculation was based on the weight difference between dry and 100% saturated core 

with formation water with known density. Dry weight was measured after the core had been cleaned 

and dried. The wet weight was also measured after the core had been fully saturated with formation 

water. The effective pore volume and the porosity of the cores were calculated from equation 26 and 

27. The details of that calculation is not added to this thesis. 

PV = 
𝑊𝑠−𝑊𝑑

ρFW
 ………………………..(26) 

Where,  

PV  is the Pore volume core (cm3) 

Ws is the Weight of core 100 % saturated with FW (gm)  

Wd  is the Weight of dry core (gm) 

ρFW  is the Density of FW [gm/cm3] 

Φ= 
𝑃𝑉

𝑉𝑏
 …………………………..(27) 

Where,  

Ф is the Porosity of core (%)  

PV is the Pore volume of core (cm3)  

Vb is the Bulk volume of core (cm3) 

6.3 Core Flooding Setup 

The schematic of core flooding setup used for the experiment can be seen in figure 23(a). A piston 

cylinder contained the brine that was injected that was connected to a Hassler core holder showing in 

Figure 23(b). Steel pipes connected the piston cylinders to the inlet and outlet of the core holder. The 

piston cylinder containing the brine was connected to a Gilson HPLC pump that injected water into 

the piston cylinder, thereby displacing the brine into the tubing and through the core. Pressure of inlet 

and outlet was measured throughout the experiments. A backpressure of 10 bars was maintained 

constantly during the flooding. A confining pressure of 20 bars was applied around the rubber sleeve 
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containing the core. When one type of brine flooding was completed, the cylinder was disconnected, 

cleaned and again used for another brine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4 Fluid Analysis 

pH, density, ion concentration was measured both for produced water and injected water. Temperature 

was fixed for each test and the pressure differences of inlet and outlet of the core were measured 

continuously. During the flooding process, the produced water (effluent) was collected by automated 

Automated liquid handler Gilson GX-271 in a sealed container. Total 12 test were performed and the 

details of each test is given in table with test number in a chronological manner in table 9.  

Figure 23: a) A schematic overview of core flooding setup. b) Hassler core holder 

a) 

b) 
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Table 9: pH screening tests performed during the thesis with flooding sequence and temperature in a 

chronological way  

Core # Flooding Sequence Test no. Temperature (°C) 

 

 

B-22 

FW - LS - ALK-1 - LS - FW 1 25 

FW - LS - ALK-1 - LS - FW 2 60 

FW - LS - ALK-1 - LS - FW 3 90 

FW - ALK-1 - FW - LS - FW 4 90 

FW - ALK-1 - FW - LS - FW 5 60 

 

 

Idaho Gray-1 

FW - ALK-1 - FW - LS - FW 6 60 

FW - ALK-1 - FW - LS - FW 7 90 

FW - LS - ALK-2 - LS - ALK-3 - FW 8 60 

FW - ALK-3 9 60 

FW - LS- ALK-3 - LS - FW 10 60 

B-01 FW – ALK-1 - FW - LS - FW 11 60 

FW – ALK-1 - FW - LS - FW 12 90 

Five tests each were performed with B-22 and Idaho Gray-1 with different flooding sequence. Only 2 

tests were performed with core B-01. Flooding sequence representing which brine was flooded one 

after another. 

6.4.1 pH Measurements   

pH is the negative logarithm of hydrogen ion (H+) concentration in the solution. At the ambient 

temperature, pH of neutral solution is 7, greater than 7 for alkaline and less than 7 for acidic solution. 

A Mettler Toledo Seven Compact pH meter (Figure 24(a)) was used the measure the pH. Prior to 

measuring the pH, the electrode was calibrated with buffer solution of pH 4, 7 and 10 to ensure the 

accuracy of the device. All the pH of produced water samples were measured at ambient temperature 

even though they were flooded at higher temperature. pH of the samples was measured just after the 

sealed container was opened to avoid any contamination of CO2 with brine. 

6.4.2 Density Measurements 

Both the density of injected brine and produced brine were measured by Anton Paar DMA 4500 

Density Meter (Figure 24(b)) at ambient temperature. Before measuring the density of the samples, the 

device was cleaned by injecting white spirit and acetone respectively. It was made sure by visual 
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inspection that there were no bubbles present during the measurement. Before starting the 

measurements, the accuracy of the device was checked by measuring the density of de-ionized water.  

 6.4.3 Ions Concentration Measurement  

The Dionex ICS-300 Ion Chromatography (Figure 24(c)) was used to measure the ion concentration 

of the produced water and injected water to see the imbalance of ions during flooding. Ions can be 

absorbed by the core or released from the core to the brine. To ensure optimum detection of ions, the 

brines were diluted 500 times for LS water and 1000 times for high salinity formation water and then 

filtered through a 0.22 µm filter. Automated liquid handler Gilson GX-271 was used to do the dilution 

process. After diluting and filtering the brine samples, they were put into different sealed bottles and 

placed into IC auto sampler. LS water and seawater of known composition were used as calibration 

reference for the device. The samples were transported through ion exchange column with the help of 

an elute. In the column, the ions were separated by using a stationary phase. The separated ions with 

elute passed through a suppressor. In the conductivity detector, each ion was found based on its 

conductivity measured in μS. The samples were analyzed in Chromeleon 7, where the cations and 

anions showed up as peaks based on their time through the column and their conductivity. The area 

below the curves are given in μS∗min. To convert the area below the curves into concentration, 

mmole/liter, the following equation was used: 

𝐶𝑠𝑎𝑚𝑝𝑙𝑒 =
𝐶𝑟𝑒𝑓𝐴𝑠𝑎𝑚𝑝𝑙𝑒𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑟𝑒𝑓𝐷𝑟𝑒𝑓
 …………………………… (28) 

Where, 

Csample = Concentration of sample in mmole/L 

Cref = Concentration of reference fluid in mmole/L 

Asample = Area of sample in μS*min 

Aref = Area of reference fluid in μS*min 

Dsample = Dilution rate of sample 

Dref = Dilution rate of reference 
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6.5 Pressure Measurement 

The pressure of the inlet and outlet of the core was measured and stored by software during each test 

to measure the pressure difference to see any kind of precipitation or scale. The permeability is a 

function of pressure difference. If there were any porosity and/or permeability loss than it would show 

pressure buildup or major change in the pressure data.  

6.6 Scanning Electron Microscope (SEM) 

The cores were photographed with Scanning Electron Microscope, Zeiss Gemini Supra 35VP for closer 

look at the sizes distribution of mineral surface. SEM is one of the most important beam technology 

inventions of the last century and has been developed constantly since then. Small samples were 

collected from the reference core and prepared with the help of Emitech K 550 before the analysis. The 

samples were cleaned with air to prevent erosion of the samples when they were under the influence 

of electronic beam in the SEM. Then the samples were coated with Palladium in an argon atmosphere 

to create a positive effect on the electronic conductivity of the sample (Emitech, 1999). In the device, 

an electronic gun bombarded them with electrons with voltage of 0.02 KV - 30 KV. Different signals 

were created when the beam hit the samples. Secondary electrons, backscattered electrons and X-rays 

are the most common used to generate an image from the deflected signals (Goldstein et at., 2003). 

The SEM was equipped with an Energy-Dispersive X-ray Spectrometer (EDS) to analyze the 

composition. The same sample was used for this purpose. The emitted X-rays, from the sample exposed 

to the electron beam, are detected in a Si(Li) detector. The signals were then amplified and presented 

as a histogram by voltage (Goldstein et al., 2003) 

 

 

 

 

 

Figure 24: a) pH meter, b) Density meter, c) Ion Chromatography. 

a) 

b) 

c) 
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7 Results 

In this chapter, all the results of 12 pH scanning test are presented in the sequence how they were 

performed. pH of the effluent is plotted against injected PV of brine and the horizontal red dash line is 

representing the bulk pH of each of that brine. The vertical black dot lines are representing the change 

of brine such as from FW to LS or LS to ALK-1. Results of three different outcrop cores are presented 

separately. The flooded amount of brine was 4 PV/day for each test. 

7.1 Core B-22 

Figure 25 shows a pH screening test of core B-22 performed at ambient temperature by flooding in the 

sequence of FW - LS – ALK-1 - LS – FW. In this test each brine was flooded until a stable plateau 

was reached to see the reactivity level of the core with brines. However, alkaline water was not flooded 

more than 8 PV in this test to reduce the possibility of precipitation. Ambient temperature was used 

because the reaction rate between core and brine is highest at this temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 25: Test 1: pH Screening test of outcrop core B-22 at ambient temperature. Sequence 

of flooding: FW - LS – ALK-1 - LS – FW. 
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Figure 27: Test 3:  pH Screening test of outcrop core B-22 at 90°C. Sequence of flooding:  

FW - LS – ALK-1 - LS - FW 

Figure 26: Test 2: pH Screening test of outcrop core B-22 at 60°C. Sequence of flooding:    

FW - LS – ALK-1 - LS – FW 
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Figure 26 shows the same kind of test that was done on test 1 but at different temperature (60°C). 

However, in this test only about 4 PV of each brine was flooded, as most cases in reservoir, the injected 

fluid for EOR does not reach 4 PV.  

Figure 27 is showing the same kind of test done at test 2, but with a different temperature (90°C). The 

reason behind using LS between HS FW and alkaline water is the presence of Ca2+ in FW. Ca2+ could 

react with the alkaline and precipitate as CaCO3. However, in some tests, alkaline was used after FW 

to see what could happen. Test 4 and test 5 are the example of it. The sequence of flooding was FW – 

ALK-1 - FW - LS – FW and the only difference between the tests was temperature. 90°C was used for 

test 4 and 60°C was used for test 5. Figure 28 and 29 are showing test 4 and test 5 respectively. The 

black line during ALK-1 and LS is representing the slop of trend line which indicates how first the 

alkalinity has built up. 

 

 

 

 

 

 

 

Figure 28: Test 4: pH Screening test of outcrop core B-22 at 90°C Sequence of flooding:               

FW – ALK-1 - FW - LS – FW 
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7.2 Core Idaho Gray-1 

Figure 30 to 34 are showing pH screening tests (Test 6-10) that were done with Idaho Gray-1 core at 

different temperatures. Figure 30 is showing test 6 that has the same temperature and flooding sequence 

as test 5, but with different core. Similarly, Figure 31 is showing test 7 that has the same temperature 

and flooding sequence as test 4. FW, LS and alkaline water has the same concentration from test 1 to 

7. Figure 32 is showing test 8 which was done at 60°C for Idaho Gray-1 core and different 

concentration of salinity was used. After flooding the FW, LS was flooded before alkaline water to 

prevent possible precipitation. Alkaline (ALK-2) that was flooded after LS has 2.83 mmole (0.3 gm of 

Na2CO3 per liter solution) of CO3
2+ whereas, second alkaline (ALK-3) has 4.72 mmole (0.5 gm of 

Na2CO3 per liter solution) of CO3
2+ in this test. 

Figure 33 is representing test 9 where higher concentration of Alkaline water was used just after FW. 

Though the plan was to flood FW after alkaline but due to precipitation problem at the producer line, 

the test needed be stopped. 

After the precipitation problem, the outlet was cleaned and test 10 was performed with LS flooded in 

between FW and high concentration alkaline (ALK-3) at same temperature (60°C).  

Figure 29: Test 5: pH Screening test of outcrop core B-22 at  60°C. Sequence of flooding:         

FW – ALK-1 - FW - LS - FW 
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Figure 30: Test 6: pH Screening test of outcrop core Idaho Gray-1 at 60°C. Sequence of 

flooding: FW – ALK-1 - FW - LS - FW 

Figure 31: Test 7: pH Screening test of outcrop core Idaho Gray-1 at 90°C. Sequence of 

flooding: FW – ALK-1 - FW - LS - FW 
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Figure 33: Test 9: pH Screening test of outcrop core Idaho Gray-1 at 60°C. Sequence of flooding: 

FW – ALK-3 

Figure 32: Test 8: pH Screening test of outcrop core Idaho Gray-1 at 60°C. Sequence of flooding: 

FW - LS – ALK-2 - LS – ALK-3 – FW 
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7.3 Core B-01 

Two tests were performed with core B-01 T 60°C and 90°C with the sequence of FW - LS- ALK-1 – 

LS – FW and showed in figure 35 and 36. The black straight line in most of the figures is showing the 

trend line of pH buildup for alkaline and LS. 

 

 

 

 

 

 

Figure 34: Test 10: pH Screening test of outcrop core Idaho Gray-1 at 60°C. Sequence of flooding:  

FW - LS- ALK-3 – LS – FW 
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Figure 35: Test 11: pH Screening test of outcrop core B-01 at 60°C. Sequence of flooding: FW - 

ALK-1 -FW – LS – FW 

Figure 36: Test 12: pH Screening test of outcrop core B-01 at 90°C. Sequence of flooding: FW 

- ALK-1 - FW – LS – FW 
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8 Discussion 

Most of the pH screening tests are showing similar kind of trends for different cores though they have 

very different mineralogy. The pH of the effluent has not changed too much (pH around 7) from initial 

pH for the total formation water, whereas the bulk pH of formation water was 6.25. Effluent pH during 

LS flooding increased around 2 pH unit or even more from initial pH in some cases. Alkaline water is 

showing the same trend as LS water though alkaline water has high initial pH over 10. In the discussion 

part, it will be explained why the pH of the effluents changed and which mineral played vital role in 

pH change with the possible chemical reactions. As the previous researches showed that high pH in 

the core is beneficial for good EOR, it was tried to transport the pH through the cores. In case of LS 

water flooding, in situ pH was created in the core. However, if high pH water is injected, can the same 

pH level be achieved at the effluent for alkaline water? The answer of that question was tried to find 

out in this thesis. 

8.1 Alkalinity Transporting Ability  

It was discussed in the theory part that alkaline water creates in situ surfactant inside the core and 

decreases IFT whereas LS water creates in situ pH inside the core, changes the wettability to more 

water wet and increases oil recovery. By injecting alkaline water, if it is possible to transport the pH 

through the core, it is expected to have the same result of increased oil recovery as same as low salinity 

water alone with the alkaline effect which is lowering IFT. Therefore, alkaline water of high pH was 

injected and the pH was measured after flooding through the core. All the cases, it has been observed 

that the pH is decreased by core flooding. After flooding 4 PV, the initial pH of alkaline cannot be 

reached. In most cases, the pH value of the effluent was around 8 after 4 PV of alkaline injection. The 

highest value of effluent pH was 9 at 60°C for B-22 and Idaho Gray-1 core while injecting alkaline 

water when it was flooded just after formation water which can be seen in figure 29 and 30 respectively. 

However, in test 8 and 10 for Idaho Gray-1 core, more increase in pH can be seen (around 10) at the 

end of alkaline flooding. The main reason of that is LS water was flooded before the alkaline flood and 

the pH was built up before the alkaline water was flooded. Moreover, it can be seen that pH even 

decreased during alkaline flooding than LS water flooding, which was flooded just before it (Figure 

32, Figure 34). From both B-22 and Idaho Gray-01 core test (figure 25-34), the pH of LS effluent was 

higher than the alkaline effluent. On the other hand in B-01, a high pH in alkaline effluent can be seen 

but it was very low (.5 pH unit). About 1.5-3 pH unit was absorbed by the minerals for all the cores in 

case of alkaline water flooding. As a result, it can be said that alkalinity transportation depends on the 
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mineralogy of the core. It is not possible to conclude on which mineral is playing the major role on 

absorbing the alkalinity. However, how the alkalinity is consumed by the clay minerals, which has 

divalent ions with it, can be expressed by following reactions (Sheng, 2011).  

𝑁𝑎2𝐶𝑂3 ↔ 2𝑁𝑎+ + 𝐶𝑂3
2− ……………………(29) 

𝐶𝑂3
2− + 𝐻2𝑂 ↔ 𝐻𝐶𝑂3

− +𝑂𝐻− ………………………(30) 

𝐻𝐶𝑂3
− ↔ 𝐻+ + 𝐶𝑂3

2− ………………………..(31) 

𝐶𝑎 − 𝑋2 + 2𝐻
+ ↔ 2(𝐻 − 𝑋) + 𝐶𝑎2+………………………..(32) 

𝐶𝑎2+ + 2𝐻𝐶𝑂3
− ↔ 𝐶𝑎(𝐻𝐶𝑂3)2 ……………………………..(33) 

𝐶𝑎 − 𝑋2 + 2𝐻
+ + 2𝑂𝐻− ↔ 2(𝐻 − 𝑋) + 𝐶𝑎(𝑂𝐻)2 ↓ ………………………(34) 

𝐶𝑎 − 𝑋2 + 2𝐻
+ + 𝐶𝑂3

2− ↔ 2(𝐻 − 𝑋) + 𝐶𝑎𝐶𝑂3 ↓ …………………………..(35) 

Firstly, Sodium carbonate (Na2CO3) dissociates in the water and followed by the hydrolysis reaction. 

OH-, HCO3
− and CO3

2− ions are created, and they are the main reason for high pH of alkaline water. On 

the other hand, H+ replaces divalent ions such as Ca2+ from the rock surface. Or Ca2+ desorbs from the 

clay surface to reestablish equilibrium, H+ takes its place on the clay surface. Generating OH- that can 

cause precipitation with divalent cation Ca2+. In the reaction, X is denoted as clay mineral surface. By 

taking the proton (H+), clays become neutrally charged. The Ca ion released from the clay surface 

attracts two hydrogen carbonate ions (HCO3
− ) and creates a neutral soluble calcium bi carbonate 

molecule [Ca(HCO3)2]. In this process, negatively charged bicarbonate is reduced and the pH of the 

solution reduced as well. This might be one of the causes for alkalinity consumption in the core. This 

process is slowed down when the most reactive clay particles gave all the divalent ions and the 

formation of   Ca(HCO3)2 is reduced. When temperature increases to 90°C, all the test showed more 

alkalinity reduction. This will be discussed in the effect of temperature in chapter 8.5. 

Another reason of alkalinity reduction is formation of solid particles like CaCO3 and Ca(OH)2 which 

are less soluble in water and create scale. In this research, these might be the reason for occurred 

scaling. These reactions are expressed by equation 34 and 35 (Sheng, 2011). 
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Somerton and Radke (1983) also experienced alkalinity consumption in Wilmington oil sands at 52°C. 

They injected sodium hydroxide of 11.2 pH but did not get the same hydroxide amount measured in 

the effluent even after 10 PV flooded. 

Therefore, it is obvious that the alkalinity cannot be transported in a 7 cm long core in the experiment 

than in the field it is impossible to transport the alkalinity where the distance of the injector and 

producer will be few hundred meters in the reservoir.   

How the presence of crude oil can affect the alkalinity consumption is not experimented in this thesis. 

Alkalinity consumption can be higher because of less interaction between rock and water if oil is 

present. But, at the same time, crude oil contains acids and bases that can also react to buffer pH. Detail 

discussion was presented about oil and alkaline reaction in chapter 5.1. 

8.2 Low salinity water flooding effect 

All the experiments in this thesis are showing increase in pH value in the effluent when LS water of 

pH 6.05 is injected. For Idaho Gray-1 core, the pH of LS effluent reached 9.5 pH unit and for B-22 it 

reached the highest of around 10.5 pH unit at 60°C. Therefore, the main question in this part is “Why 

pH of the effluent increases during LS flooding?” Many researchers had tried to find out that reason 

and linked it to water wetness of the rock. Researchers of Smart Water Group from University of 

Stavanger named it Chemical Smart Water EOR Mechanism and it is discussed in Chapter 4.2.3.  

As the pH increases, the reservoir moves to more water wet and increases the potentiality of more oil 

recovery. Using this logic, Aksulu et al. (2012) established pH screening test as a potentiality checker 

of EOR in sandstone in case of low salinity smart water.  

For both B-22 and Idaho Gray-1 cores have high potential for LS EOR as they are showing high pH 

increment during LS flooding. In case of B-22, oil recovery test was performed during the PhD project 

(2017) of Torrijos at the smart water lab. The result of that test supports the pH screening test that is 

done in this thesis. 
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In this test, Torrijos (2017) used the same salinity LS what is used in this thesis. As this experiment 

was done at 120°C, LS effect is low (Figure 37). If we consider another core B-21 (Figure 38), which 

has the same mineralogy as B-22, at lower temperature (60°c), we can see more LS EOR effect. For 

B-22 at 120°C, LS EOR is around 8.7 % extra than high salinity formation water and for B-21 at 60°C, 

the recovery is 9.2% more than formation water. Therefore, it is obvious that high pH during LS 

flooding is the primary requirement to see EOR effect.  

 

  

 

 

 

 

 

Figure 37: Oil recovery test on core B-22, with 20% water saturation and aged in crude oil at 120°C. 

Flooding sequence was FW-LS at 4 PV per day (Torrijos, 2017). 

Figure 38: Oil recovery test on core B-21, with 20% water saturation and aged in crude oil at 60°C. 

Flooding sequence was FW-LS at 4 PV per day (Torrijos, 2017). 
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However, during the field test of LS EOR in Endicott field in Alaska by British Petroleum (BP) found 

high oil recovery without increasing the pH in the produced water. The reason behind it was CO2 and 

H2S, which were present in the crude oil and buffer the pH by following reactions (Aksulu et al., 2012). 

𝐻2𝑂 + 𝐶𝑂2 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻𝐶𝑂3
− + 𝐻+ ……………..(36) 

𝐻𝐶𝑂3
− ↔ 𝐻+ + 𝐶𝑂3

2− ……………………(37) 

𝐻2𝑆 ↔ 𝐻+ +𝐻𝑆− …………………….(38) 

8.3 High salinity Formation water effect on pH, wettability and EOR potential 

Almost in all tests, when high salinity formation water was injected, it can be seen from the result that 

the pH of the formation water effluents remains in between 6 and 7 and in some cases 7.5 pH unit. 

What does it mean? Torrijos (2017) and Aksulu et al. (2012) confirmed that low pH for formation 

water is needed to see the effect of LS in the outcrop cores by pH screening test. High pH (>8) 

represents water wetness and moderate pH (6-7) represents mixed to water wet core. A high initial pH 

does not favor initial adsorption of polar components onto to the rock. To see the higher LS effect, 

experiments showed that mixed wet or a slightly water wet reservoir is necessary along with other 

condition. Therefore, all the effluent pH of formation water of most of the tests suggests a good LS oil 

recovery prospect. In most of the experiment, after flooding approximately 4 PV of LS or alkaline or 

12 PV of LS, Alkaline and LS, while transferring to formation water again, it can be seen that formation 

water effluent has same pH as it was before. But in test 8, when we LS and different alkaline water 

were flooded one after another about 20 PV and a high alkaline environment of pH greater than 10 was 

created, effluent pH of formation water didn’t go down to its previous level which was less than 7. The 

effluent pH of formation water of that time was around 7.8. That means with 20 PV of alkaline 

environment changed the reactivity of the core. In next two tests, test 9 and 10, the pH of the effluent 

of formation water remain the same (about 7.8). Long term water-flooding may perhaps change the 

reactivity of the core or saturate the surface with ions and some of them can be difficult to remove or 

exchange further. 
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8.4 Effect of Temperature  

All the experiments were done in both 60°C and 90°C to see the temperature effect on the pH change 

and alkalinity transportation. In this section, pH of effluent at 60°C and 90°C are combined in the 

figure 37 and 38 for FW – ALK-1 – FW – LS – FW flooding sequence for B-22 and Idaho Gray-1 

cores.  

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39: pH-screening test at 60°C and 90°C of B-22. 

Figure 40: pH-screening test at 60°C and 90°C of Idaho Gray-1. 
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For both the core, pH of the effluent was low at high temperature compared to low temperature. For 

30°C temperature difference, pH difference was roughly .5-1.0 pH unit. Though the peak of the pH for 

alkaline and LS were higher for lower temperature, the pH changes (ΔpH) from formation water to LS 

or alkaline water were same for both temperature. For Idaho gray-1, the change of pH was 1.7 at 60°C 

and 1.8 at 90°C from FW to ALK-1. For the same core, the change of pH from to LS was 2.3 for both 

60°C and 90°C. On the other hand, for core B-22, pH difference for 60°C and 90°C were more than 

double. Table 10 represents the value achieved from test-4,5,6 and 7. In case of B-01, alkaline water 

at 60°C has higher pH change than 60°C and B-1 has around half unit change of pH in both 

temperature. Average value was taken for FW effluent that was flooded before alkaline water. 

Therefore, only for Idaho Gray-1, pH difference did not change with temperature. On the other hand, 

pH difference from FW to LS or alkaline depends on temperature. Hence it can be concluded that pH 

change of the effluent from FW to LS/ALK-1 depends on mineralogy rather than temperature.   

Table 10: Comparison of pH change at different temperature for different cores. 

Core Temperature 

(°C) 

Average pH 

of FW before 

ALK-1 

flooding 

Highest 

pH of 

ALK-1 

flooding 

Change 

of pH 

(ΔpH) 

Average 

pH of FW 

before LS 

flooding* 

Highest 

pH of LS 

flooding 

Change 

of pH 

(ΔpH) 

B-22 60 6.6 9.0 2.4 7.0 10.2 3.2 

90 6.9 7.9 1.0 6.7 8.0 1.3 

Idaho 

Gray-1 

60 7.2 8.9 1.7 7.2 9.5 2.3 

90 6.5 8.3 1.8 6.4 9.7 2.3 

B-01 60 6.9 8.4 1.5 7.0 7.4 0.4 

90 6.7 7.7 1.0 6.6 7.2 0.6 

* During changing from alkaline to FW, the effect of alkaline flooding was seen up to 3 to 3.5 PV 

flooded. Therefore, to have a stable pH value of FW water, only last half PV flooded was considered 

to calculate the average. 

Though pH differences from FW to ALK/LS cannot be differentiate with temperature but the pH 

increment can be identified with low temperature. So, why the pH is higher at lower temperature? The 

ion exchange reaction of the clay is an exothermic reaction. When heat is added to the system then the 

reaction (39) moves to right to left according to Le Chatlier's principle. More heat in the system means 

less hydroxide ion in water and less pH. That is the main reason why pH at 90°C of all effluent is less 

than 60°C.  
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𝐶𝑙𝑎𝑦 − 𝑁𝑎+ +𝐻2𝑂 ↔ 𝐶𝑙𝑎𝑦 − 𝐻+ + 𝑁𝑎+ + 𝑂𝐻− +  𝐻𝑒𝑎𝑡 …………………….(39) 

On the other hand for alkaline effluent, a soluble Ca(HCO3)2 is formed in the formation which reduce 

the pH of alkaline by taking HCO3
− ions from the solution. However, when temperature increases, this 

calcium bi carbonate breaks down and give proton to the system. Though the amount of that is very 

low, still it decreases the pH of the solution. 

Aksulu et al. (2012) found about 1.8 pH unit change in LS effluent between 40°C and 130°c in a 

reservoir core (Figure 41). They used low salinity NaCl (1000 ppm) brine and high salinity (100000 

ppm) brine with sodium and calcium salt. This core has more than 20% clays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: Comparison of effluent pH in 40°C, 90°C and 130°C in sandstone reservoir core-2 (RC-2) 

during pH screening test at 4 PV/day. The flooding sequence was HS-LS-HS. The dash lines indicating 

the slop of pH change (Aksulu et al., 2012). 
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However, Torrijos (2017) found similar pH for higher temperature (120°C) and lower temperature 

(60°C). In his research (Figure 42), he used outcrop sandstone core, which have the same mineralogy 

as B-22 that is used in this thesis. The LS and FW was also the same as this thesis. 

Therefore, comparing researches from Aksulu et al. (2012), Torrijos (2017) and this thesis it can be 

said that, LS effect depends on the mineralogy of the core rather than temperature. 

8.5 Effect of mineralogy 

To study the effect of mineralogy for LS and alkaline brine, three different cores of different 

mineralogy were used in this thesis. The mineralogy of cores can be found in table 8. The mineralogy 

of the cores is so complex that which mineral is affecting the pH increment during LS and alkalinity 

consumption is difficult to say. However, from the discussion of chapter 8.4, it can be said that if a 

core has lower amount of clays, the pH of the effluent does not change so much because of temperature 

change which is also supported by aksulu et al. (2012). Moreover, Idaho gray-1 also has microcline, 

kaolinite and illite which are not present in other two core whereas it has less about 20% less quartz 

than core B-1 and B-22. According to Shen and Chen (1996) kaolinite, illite and microline has more 

Figure 42: Comparison of effluent pH at 60°C and 120°C of B-21 during pH screening test at 4 

PV/day. The flooding sequence was FW-LS (Torrijos, 2017). 
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ability to consume alkalinity than quartz. However, there is no conclusive evidence of more alkalinity 

consumption in Idaho Gray-1 in this thesis.  

As the same fluid (FW/ALK/LS) was injected through the cores and produced water with different pH, 

it can be said that it is the minerals that plays the major role in changing pH.    

8.6 Effect of Density 

When the flow sequences were FW - ALK-1 - FW - LS - FW then the density was measured. As LS 

and ALK has the same density, it is impossible to track the density change when ALK flooded after 

LS. By tracking the density of effluent, the change of HS to LS brine can be identified. The 

homogeneousness of the core might also be visualized with density change. If the effluent density takes 

more time to reach the exact density of injecting fluid, then it can be said that the pore of the core is 

heterogeneous. Density of test 5 and test 9 for B-22 and B-1 are combined to compare the heterogeneity 

of core in figure 43. 

 

 

 

 

 

 

 

The density of injected LS and ALK-1 were .998 gm/cm3 and 1.067 gm/cm3 for FW. The trend for 

density change is similar to each other for both core with slightly small variation. As B-1 and B-22 has 

similar kind of pore sorting, it is impossible to come to a conclusion that which core is more 

homogeneous or well sorted. Therefore, density change can only help to identify the change of brine 

in this case. 

Figure 43: Density of the effluents for core B-22 and B-1 at 60°C. The flow sequence was FW - 

ALK-1 - FW - LS – FW. 



81 

 

8.7 Effect of Pressure Difference during Flooding 

The pressure of inlet and outlet of the core was measured and monitored during the flooding. There 

was no major pressure buildup or decrease in pressure difference found. Tang and Marrow (1999) 

found increase in pressure difference in their research and concluded it as the result of fine migration. 

However, in this thesis, the pressure difference was very low and the difference is almost negligible. 

Therefore, it can be said that there was no or negligible fine migration during LS flooding which is 

considered as one of the mechanism for LS EOR. Moreover, it can be said that there was no 

precipitation of solids during the test in the core, especially with using alkaline and LS flooding. The 

following figure is showing the pressure drop of test 7. The pressure drop is between 0.1 to 0.4 mbar, 

which is very low. For FW, pressure difference became little higher than LS and ALK-1 because it has 

high density and density is a function of pressure. The rest of the pressure data was collected and stored 

in Smart water lab, as they are not that significant.  

 

 

 

 

 

 

 

 

8.8 Ion concentration measurement 

Ion concentration was measured for the effluent of all the test to picture the inside scenario of the core. 

What kind of reactions is happening between the core and brines can be predicted through this. Ion 

chromatography test from test 1 is presented below. Measured cation concentrations and anion 

concentrations are showed in figure 45 and figure 46 respectively. As the formation water has high 

Figure 44: Pressure drop during test 7 at 90°C for Idaho Gray-1 core. Flooding sequence was 

FW - ALK-1 – FW – LS – FW. 
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salinity and has less impact on ion exchange, effluent of HS formation water is not included in the 

figure. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

    

 

Figure 45: Cations concentration during pH screening test of core B-22, test 01 at ambient Temperature.   

Figure 46: Anions concentration during pH screening test of core B-22, test 01 at ambient Temperature. 
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In case of cations, Na+ and Ca2+ concentrations were measured to see if the divalent ions from the clay 

surface dissolved in the effluent by proton exchange from the LS or alkaline water. At 8 PV, both 

cations and anions were high due to formation water flooding in previous stage. As the LS flood started, 

the concentration went down steeply. However, there was no calcium in the LS or alkaline water, which 

was injected, but it can be seen that there are calcium ions in the effluent. This means, the calcium ions 

were coming from the core, mainly from the clays. Therefore, it can be said that chemical mechanism 

of Smart water (Austad et al., 2010) is one of the main mechanisms behind the pH increase in the LS 

flooding in sandstone. However, the core has just been flooded by FW containing Ca2+, thus some Ca2+ 

has exchanged on the mineral surfaces, and those ions are now being exchanged back. This might also 

cause the presence of Ca2+ in alkaline and LS effluent. As Ca2+ was exchanged with H+ from FW, the 

concentration of proton increased and the pH of the effluent of FW decreased.  The concentration of 

Ca2+ was very low, but it was enough for pH change as two protons (H+) were needed the replace that 

ion. Both in case of LS and alkaline water effluent, no suspicious result was found during the other 

test. For that reason, the data of other Ion Chromatography tests were not processed.  

8.9 Scale Problems 

Scaling problem is very common in alkaline flooding and it was discussed before in the alkaline 

flooding chapter. In this thesis, we had an issue with scale problems in the outlet of the producer during 

test 9. However, it was not sure whether HS formation water, LS or alkaline was responsible for that 

problem. But from the previous experiences of flooding in the Smart Water Lab and the literature 

review suggests that there is a very small chance of precipitation in case of HS and LS water flooding.  

During test 9, when alkaline water with high concentration of carbonate flooded just after HS formation 

water that has calcium, by which calcium carbonate might form and precipitate. In figure 33, in test 9, 

the experiment was stopped after 7 PV of flooding due to a sudden pressure buildup. Later it was found 

that the distributor of producer was blocked by salt. As LS flooding never experienced this type of 

scale, it can be predicted that alkaline water was the main reason behind this scale. 

On the other hand in test 8, that was done just before test 9, an alkaline environment was created by 

flooding LS, alkaline, LS, Alkaline, LS respectively. In that test, pH of the effluent reached highest 

10.5 and after that, while flooding formation water, the pH didn’t go down to its bulk pH. The pH of 

the FW effluent was around 7.8, which means that the alkalinity made the core less reactive or there is 

a precipitation. In test 9, the pH of alkaline didn’t increase which indicating precipitation of Ca(OH)2 
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or CaCO3. However, in naked eye, no particle was found in the effluent, but the pH loss and sudden 

pressure drop indicate precipitation. Now it should be discussed why precipitation is causing drop in 

pH. pH of the alkaline effluent can be reduced by two ways, by forming Ca(HCO3)2 or by precipitating 

Ca(OH)2 or CaCO3 which is expressed by equation 34 and 35 and discussed briefly at section 8.1. 

Therefore, if precipitation happens, pH of the effluent of alkaline will reduce more than bulk pH that 

is supported by test 9 and 10.  

Theoretically, if higher concentration of alkali is used, the chance of precipitation will increase as there 

will be more CO3
2+ in the solution that might react with Ca2+ either from clay surface or from FW. Test 

9 is a good example of precipitation as higher concentration was used. However, without this test, there 

is no other evidence that can say high concentration of alkali can create more precipitation than low 

concentration. 

In conclusion, it can be said that alkaline creates precipitation or scaling problems, which may cause 

damage the production well or the reservoir. 

8.10 Comparison between LS and Alkaline EOR potential 

According to pH screening tests, as both alkaline and LS water has similar kind of pH increment in the 

effluent it can be said according to Aksulu et al. (2012) that both the brine has same potential of EOR 

in the used sandstone outcrop core. However, in some cases, LS has higher potential of better EOR 

than alkaline flooding as LS showed more pH increment. As it is mentioned before, without 

considering the minerology of the reservoir, it is not convenient to conclude that which one is better. 

Moreover, it also depends on the properties of oil as discussed before. However, before going for a 

recovery test, it is recommended to have a quick experiment of pH screening test. As pH screening test 

is indicating pH increment in the effluent, it is suggested to experiment recovery test using different 

types of oil.  

8.11 Economical Analysis 

In case of oil recovery, operational cost of different EOR methods are very important in the low oil 

price scenario. According to BP (British Petroleum), an additional 42 million barrels of oil from Clair 

Ridge field in UK can be produced at an additional cost of $3 per barrel using LoSal® EOR (LS is 
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known as this name) (BP,2014). In that section, it is tried to find out a rough estimation of money that 

is needed to produce an extra barrel of oil in case of alkaline water flooding. 

The general thumb rule of water flooding suggests 10 barrels of water produce 1 barrel of oil. If 0.1 

gm of Na2CO3 is used as alkaline alone with 0.9 gm of NaCl to make ALK-1 to inject then if we assume 

we have double oil production (2 barrels) then 159 gm of Na2CO3 is needed for 10 barrels of water 

which produces 2 barrels of oil.  

According to Sigma-Aldrich Norway AS (accessed in 30 May, 2018), Price of 1000 gm Sodium 

Carbonate (ACS reagent grade) = 522 NOK including taxes. The price of Sodium Carbonate can be 

reduced upto 50% if it is purchased in huge amount in industrial basis which is lower in quality. 

Therefore, to produce 1 barrel of extra oil, 41.5 NOK/ 5.1 $ is needed. In addition, the price of NaCl 

is needed to be considered along with other operation cost and investment cost. Any kind of extra 

chemical injected is costly for EOR whereas NaCl is a kind of salt which is very cheap and 

environmental friendly. 

Therefore, it can be said that using LS water as EOR fluid is more economical than alkaline if they 

have similar effect on oil recovery. 
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9. Conclusion  

A series of pH screening tests were performed in this thesis with 100% water saturated sandstone 

outcrop cores at different temperature. The findings of the thesis are: 

• In-situ generation of alkaline condition in the reservoir by injecting LS water seemed to have 

a larger potential for EOR purposes than transporting alkalinity by injecting high pH alkaline 

water through the reservoir. 

• When injecting an alkaline solution with high bulk pH, the alkalinity cannot be transported 

even through a 7 cm long outcrop core as the minerals of the core consume most of the 

alkalinity. Therefore, it is impossible to transport the alkalinity in field scale where the distance 

between injector and producer is several hundred meters. However, which mineral consumes 

more alkalinity cannot be determined exactly with pH screening test. 

• Mineralogy of sandstone affects both LS and alkaline pH change in the effluent as well as EOR 

potential of both fluids more than temperature change. 

• The reason behind LS EOR is “Desorption by pH Increase” by Austad et al. (2010) rather than 

“Fine migration” by Tang and Morrow (1999) that is confirmed by Ion chromatography test 

and pressure measurement during the flooding. Though any EOR test was not performed but 

experiment from Torrijos (2017) support that statement. Moreover, pH the reason of pH 

increment during LS flooding matches the chemical mechanism of Austad et al (2010). 
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Recommendations for future work 

There are several recommendations for future works that will be useful for EOR team at the University 

of Stavanger according to experimental findings presented in this thesis: 

• The combination of LS effect and alkaline effect cannot be seen by pH screening test. 

Therefore, oil recovery test for both alkaline and LS water need be done along with measuring 

IFT of produced oil to investigate the IFT effect for alkaline and LS.  

• Different alkaline such as sodium hydroxide or sodium orthosilicate can be used for pH 

screening test if precipitation risk can be minimized to see the alkaline transportability. 

• The impact of clay in LS EOR is well established. pH screening test with alkaline water should 

be performed to sandstone core where there are no reactive clays to investigate the impact of 

clays on Alkaline by comparing with this result presented in the thesis. 
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NOMENCLATURE 

𝜆D   Mobility of the displacing fluid (m2/ Pa.s) 

d   Mobility of the displaced fluid (m2/ Pa.s) 

μw   water viscosity (Pa.s) 

μo   Oil viscosity (Pa.s),  

σ   Interfacial tension (IFT) (N/m) 

 Φ   Porosity 

θc   Contact angle between the phases (°) 

Π   Disjoining pressure,  

𝜎   Interfacial tension between two fluids  

AN   Acid number 

ALK  Alkaline  

ASP  Alkaline, surfactant and polymer  

BET   Brunauer – Emmet –Teller 

BN   Base Number 

CBR   Crude oil, Brine and Rock 

CEC   Cation exchange capacity 

DI   Deionized water 

EOR   Enhanced oil recovery 

E   Global/Total displacement efficiency 

ED   Microscopic displacement efficiency 

EV  Macroscopic (volumetric) displacement efficiency 

FW   Formation water 

HS   High salinity 
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IFT   Interfacial tension 

IOR   Improved Oil Recovery 

J∗   Leverett dimensionless entry pressure. 

𝐽   Mean surface curvature. 

k   Permeability (m2) 

𝑘rw   Relative permeability of water (m2) 

𝑘ro   Relative permeability of oil (m2), 

LS   Low salinity 

𝑀   Mobility ratio 

MIE   Multi -component ion exchange 

NSO   Oxygen, Nitrogen and Sulfur 

OOIP   Original oil in place 

Pc    Capillary pressure (Pa) 

Po   Pressure in the oil phase at interface (Pa), 

 Pw  Pressure in the water phase at interface (Pa), 

ppm   Parts per million 

rc   Pore radius of capillary (m) 

SEM   Scanning Electron Microscope 

𝑆or   Residual oil saturation 

𝑆wi   Irreducible water saturation. 

TDS   Total Dissolved Solid 

WAG   Water Alternating Gas 

wt%   Weight percent 
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