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Abstract  

The main purposes of this thesis are to investigate wettability alteration of chalk upon 

injection of advanced water into reservoir, produce desirable advanced water using 

membrane technology and find an economical scenario of production of smart water. The 

current project consists of three major parts; In the first part of the project, wettability 

alteration in rock system of carbonate reservoir using modified flotation technique (MFT) 

are investigated. In order to test changes in wetting condition of rock (chalk) in reservoir, 

several sets of laboratory experiments using different brines (s.l.) were carried out at high 

temperature (100 °C) and data were used to calculate and analyze the results of the 

investigation. The brines were synthetically prepared based on synthetic seawater and 

Ekofisk formation water recipes and some of them were diluted op to 100 times. After 

analyzing the results of flotation experiments, it was observed that 20 times diluted 

synthetic seawater with a composition containing divalent ions (sulphate, magnesium and 

calcium) and low salinity had the greatest effect on the wettability alteration of chalk (ca. 

60.67%) and consequently higher amount of oil recovery.  

The second part of the project deals with production of smart water with favorable 

composition of seawater (with low salinity while retaining divalent ions) using a membrane 

process. Nanofiltration (NF) and reverse osmosis (RO) membrane processes were used 

in order to separate the ions in seawater and produce advanced water with desirable 

characteristic. For this purpose, the retentate flow from nanofiltration process (contains 

divalent ions and high salinity) was used as the main component of smart water and was 

combined with the permeate flow (contains low level of salinity) to reduce the salinity of 

the retentate of NF. The results from filtration experiments showed that NF membrane 

retained ca. 90% of 𝑆𝑂4
2−, 60% 𝑀𝑔2+, 28% 𝐶𝑎2+, 20% 𝐶𝑙− and 23% 𝑁𝑎+ in its retentate 

flow and RO membrane retained ca. 5% of 𝑆𝑂4
2−, 49% 𝑀𝑔2+, 8% 𝐶𝑎2+, 17% 𝐶𝑙− and 26% 

𝑁𝑎+ in its permeate flow. 

In the third part of the project, the wettability alteration in chalk using MFT and produced 

smart water from the membrane process are investigated. To this end, a set of flotation 

experiments using new produced smart water and original seawater were performed and 
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after calculating and comparing the results, it was observed that the new smart water 

increased ca. 25% of the wettability in chalk compared to the original seawater.  

Finally, at the end of the project two proposed scenarios to produce the smart water using 

a membrane process are investigated. After simulating the process and performing an 

economic analysis, the optimal model of the smart water production using membrane 

technique with minimum energy consumption of ca. 4,63 kwh/m3 was achieved.  
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RO: Reverse Osmosis, 12 
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1. CHAPTER 1 
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1.1. Overview of Oil and Gas Production 
Over the past few years most of the oil companies have survived tough years with weak 

demand and low prices of oil. The collapse of oil price triggered a wave of cost reduction 

among the oil exploitation and extraction processes cost. On the other hand, reducing the 

limited resources of oil and increased concern on environmental issues created 

conditions for oil companies to apply new strategies and methods to produce more oil. 

Although profitability in the oil and gas industry is always a key metric, the increase in oil 

production has often been more important.  

Nevertheless, the development and implementation of the new technologies and methods 

that require low investment, while high profitability and revenue are of great importance. 

Enhanced oil recovery (EOR) and improved oil recovery (IOR) are two of the latest 

technologies that used to maximize the revenue of oil from existing fields. Waterflooding 

as a method of increasing the amount of oil for EOR can be implemented to displace the 

oil from the reservoir trapped in the rock and lead it to the producer. This effective method 

is implemented by injecting seawater into the reservoir and according to the recent 

studies and researches, the amount of oil recovery can be significantly increased by 

adjusting the ionic composition of the fluid (seawater) injected into the reservoir [1]. 

According to report of Godinho, “It is commonly known that globally average of field 

recovery from water-flooding currently is about 35% which leaves about 60-70% left in 

reservoir of which each additional percentage potentially be recovered is equivalent to 

significant amounts of hydrocarbons. Due to the potential in matured fields there is an 

increased focus on suitable EOR methods” [2] (2017, p. 3).  
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1.2. Oil Recovery Process 
Oil recovery processes are subdivided into three major categories:  

• Primary 

• Secondary  

• Tertiary  

In the primary process or initial recovery, the oil is forced out of the reservoir by the 

existing natural pressure of fluids which are trapped in the reservoir. The amount of oil 

production in this stage depends mainly on existing natural pressure in the reservoir and 

this pressure originated from different forces such as gravitational force, expanding force 

of natural gas, buoyancy force of encroaching water and etc. but among these forces, the 

force which contributes mainly to produce oil is the expanding force of high-pressure 

natural gas. When the existing natural pressure of the reservoir is reduced to a point 

where it is no longer effective, the Secondary recovery process is employed to increase 

the pressure required to drive the oil to production wells [3], [4].  

The general mechanism of the secondary oil recovery process is to augment and 

maintenance the reservoir pressure artificially in order to force oil to the production wells. 

In this stage more than one wellbore is involved (unlike the primary oil recovery process) 

and the decrease of the pressure in the depleted reservoir after Primary recovery can be 

restored by injecting a gas into the reservoir or water-flooding through injection wells to 

achieve a high pressure or driving oil through the reservoir rocks toward the producing 

wells respectively. Injection of air or aqueous solutions of polymer can be included as well 

in the secondary oil recovery process. In water-flooding process, the most common 

pattern of injection and production wells is five-spot configuration where water is injected 

into the central well and the oil is displaced to the four production wells which are located 

surround the central well [5]. The Five-spot pattern is shown in figure 1.2-1: 
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Figure 1.2-1- Displacement of oil through reservoir rocks by water-flooding in Five-spot 
pattern [5] 

 

The amount of oil recovered by both the Primary and Secondary oil recovery processes 

ranges from 20% to 50% depending on reservoir and oil properties. In order to recover at 

least a part of the remaining oil-in-place, Tertiary oil recovery process takes place. This 

stage which is known as Enhanced Oil Recovery (EOR) can be divided into four major 

categories: Thermal Oil Recovery, Chemical Flooding, Miscible Displacement Methods 

and Water-Based Methods. The amount of oil recovered by Enhanced Oil Recovery is 

greater than 50% and up to 80% [6], [5]. 

Oil recovery process and a schematic of water flooding process are shown in figure 1.2-

2 and 1.2-3, respectively: 
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Figure 1.2-2- Oil Recovery Processes 

 

 

 

 

Figure 1.2-3- Schematic of Waterflooding Process [7] 
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1.3. Enhanced Oil Recovery (EOR) 
The main purpose of the Enhanced Oil Recovery (EOR) processes is increasing of the 

oil recovery from reservoirs depleted by the Secondary recovery. The EOR method 

targets immobile oil which can not be easily recovered due to the viscous and capillary 

forces [5], [8]. As mentioned in the previous section, Enhanced Oil Recovery methods are 

classified into four categories which are summarized in the following figure 1.3-1:  

 

 
Figure 1.3-1- Oil Recovery Mechanism [9] 
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Since there are a large number of petrophysical, chemical, geologic and environmental 

properties must be considered in each method of EOR, selecting criteria for a specific 

EOR method is complex for all petroleum reservoirs as a general method for EOR and 

each case must be investigated individually.  Nowadays, application of Water-Based EOR 

method is much considered among the other methods due to the advantages described 

below [10]: 

1 The method doesn’t need a high investment compared to other methods. 

2 The Water-Based EOR method is environmentally friendly and no expensive 

chemical are used.  

3 The method is cost-effective among the other methods even with small incremental 

oil recovery.  

4 Water can be injected to the reservoir during the early life cycle of the reservoir.  

 

The focus of this thesis is on the Water-Flooding for Enhanced Oil Recovery. It has been 

verified that injected water which is different in composition compared to the initial 

formation water, can change the amount of oil recovery. The question may come to mind 

is what is the difference between Water-Flooding in the Secondary and Tertiary stage of 

EOR, the answer is the injection of formation water into the reservoir is referred as 

Secondary oil recovery process and the injection of water with different compositions 

which so-called Smart Water is referred as Tertiary oil recovery process. Investigating of 

Smart water as EOR-fluid needs to chemical understanding of water and its most 

important properties which can affect the amount of oil recovery. 
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1.4. Smart Water 
This section gives a brief introduction about what Smart Water is, how it works and what 

the main mechanism is for increase in the amount of oil recovery. Smart Water is a water 

which can be made by adjusting or optimizing the ion composition of it in such a way that 

is desirable as an injected fluid in the reservoir. This fluid changes the equilibrium of the 

initial CBR-system (Crude Oil-Brine-Rock System) and it will modify the initial wetting 

condition. Thus, the oil is more easily displaced from the porous network resulting in 

higher amount of oil recovery. Smart water alters the wetting properties of the CBR-

system in the reservoir which has a positive effect on the capillary pressure and relative 

permeability of oil and water regarding oil recovery and this is the physical principle of 

smart water for enhanced oil recovery [1], [11]. Figure 1.4-1 shows the effect of smart 

water on the oil-wet reservoir. 

By adjusting the ionic composition of injected seawater into reservoir, the seawater 

becomes smart water leading to increase the water wetness of chalk. The compaction of 

the rock caused by smart water when injected into reservoir is another important 

mechanism in addition to wettability alteration in oil production [1].  

 

 

 

Figure 1.4-1- Effect of smart water on oil-wet rock [12] 
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1.5. Smart Water Advantages over other Methods of 

EOR 
There are several advantages of smart water flooding compared to other methods of EOR 

as listed below [13]: 

• In this method expensive chemical are not added.  

• Achieving a higher level of oil recovery with lowest investment is a major 

advantage of smart water flooding.  

• Smart water flooding is environmentally friendly and cheap. 

• This technique can be done during the early life cycle of the reservoir.   

 

Smart water contains high concentration of divalent ions and low concentration of 

monovalent ions with a salinity range between 6000 to 28000 ppm is the most suitable 

fluid in smart water flooding process [1], [14].   
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2. CHAPTER 2 
(Problem Definition) 
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2.1. Problem Formulation and Delimitation 
Based on what has been described so far, the water flooding process is known as an 

effective and economic technique for enhanced oil recovery. Easy access to main 

resource of the water flooding process (seawater), cost-effective investment, 

environmentally friendly and many other advantages of implementing the process have 

led oil companies to undertake extensive researches and studies to improve and develop 

the water flooding technique during the recent years. One of the most effective ways to 

improve the water flooding technique is to change and adjust the ionic composition of the 

seawater. By the way, it is possible to change the wetting condition of the rock that results 

in an increase in the amount of oil recovery.  

The focus of the project is to investigate and study the potential of sea water with different 

composition to increase water wetness of the chalk using modified flotation technique as 

well as production of water with desirable composition (smart water) using membrane 

technology with the most optimal method.   

2.1.1. Objectives 
During the past few decades, many hypotheses have been raised by researchers and 

authors to clarify the most important parameters that increase the production of oil in 

water-flooding process as an effective and environmentally friendly process. Change in 

wettability of the rock by changing the ionic structure of the injected fluid (seawater) into 

reservoir is known as effective mechanism to improve the production of oil. On the other 

hand, finding a method for converting seawater as the major resource and main input of 

the water-flooding process to water with favorable ionic composition (low salinity while 

retaining divalent ions) can be an effective step in reducing process costs and increasing 

the amount of oil production.  

In current study, the main attention will be on wettability alteration of rock by altering the 

ionic composition of seawater to achieve the suitable fluid (smart water), followed by the 

production of the smart water using membrane technology. The more specific targets of 

the thesis that are based on laboratory experiments are summarized as following: 
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• Study and examine the effect of different ionic composition of seawater 

(synthetically-made) on the wettability properties of chalk using modified flotation 

technique.  

• Production of smart water (favorable ionic composition of seawater) by 

membrane technology including nanofiltration (NF) and reverse osmosis (RO) 

membrane processes with an optimal and economic process.  

• Examine the effect of the produced smart water from nanofiltration and reverse 

osmosis membranes on wetting condition of the chalk by modified flotation 

technique.  
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3. CHAPTER 3 
(Background Knowledge) 
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3.1. Petroleum Systems and Reservoirs 

3.1.1. Reservoir Rock 
Most of North Sea reservoir are estimated to be carbonate reservoirs which consists of 

chalk and sandstone as reservoir rock. The carbonate rock as a class of sedimentary 

rocks, can be formed by tiny particles of matter during the time either at the bottom of sea 

or on land. Chalk is a particular type of limestone which is pure, white and fragile. Ekofisk 

field is an example of chalk reservoir located in North Sea. Due to the high importance of 

petrophysical properties of the reservoir rock as well as variability within a single reservoir, 

it is necessary to be carefully evaluated. For example, the porosity of the reservoir rock 

varies between 30-48%, while in the tight zone of Ekofisk field this rage is between 10 

and 20% [15], [16].   

‘’In terms of mineralogy, chalks are dominantly composed by crystals of calcite, which is 

the more stable polymorph of CaCO3 for the most pressures and temperatures. Aragonite 

and vaterite are the two other polymorphs of CaCO3, that occur at particular P-T 

conditions. Calcite is characterized by a rhombohedral structure, while aragonite and 

vaterite are defined by orthorombic and hexagonal systems, respectively’’ [17] (2017, p. 

4).  

 

 

Figure 3.1-1- Carbonate ion chemical structure (left) rhombohedral structure of calcite 
and relative position of the Ca and CO3 ions in the mineral lattice (right) [18] 
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The charge of calcite surface depends on the exposed sites of the surface (carbonate 

anions and metal divalent cations) which interact with the water surface. According their 

positions along the crystal lattice, coordination number of each is determined so that 

neutralization of the charge is dependent upon the position of each ion, either on face, 

corner or edge [19], [20].    

3.1.2. Reservoir Fluid 
Crude oil as the major fluid of reservoir has not an unique elemental composition in 

different reservoirs and it can vary from formation to formation [21], [22]. Crude oil is 

generally composed of two major groups of compounds: Hydrocarbons and non-

hydrocarbons. Alkanes (called paraffins as well), cycloalkanes (called cyclic paraffins or 

naphthenes as well) and aromatics. Approximately 95% of the crude oil compounds is 

hydrocarbons and the rest of the fluid is non-hydrocarbons including sulfur, metals, 

nitrogen and oxygens compounds [23], [24].  

The quantity of acidic and basic components present in the crude oil is determined by 

total acid number (TAN or AN) and total base number (TBN or BN). Total acid number 

(TAN) is defined as the total amount of potassium hydroxide (KOH) in milligram required 

to neutralize one gram of crude oil, while total base number (TBN) can be defined as the 

total amount of potassium hydroxide in milligram per one gram of crude oil [25]. According 

to recent studies, base number is observed less relevant concerning the wettability 

alteration. However, it was observed that at a given acid number, increase in basic 

material, the wetting condition of the chalk can be improved [26], [16]. 

Asphaltenes are classified as the solubility fraction of crude oil that are generally classified 

based on the n-alkane used to precipitate them (commonly, n-pentane, n-hexane or n-

heptane) [5]. ‘’There are different variations for the standard procedures used to quantify 

the asphaltenes fraction present in the crude oil, for an example ASTM D3279-97 for n-

heptane based precipitations’’ [17] (2017, p. 8). 

 

 



16 
 

3.2. Wettability and Concepts Related to Wettability 
The tendency of a fluid to spread on or adhere to a solid surface in the presence of another 

immiscible fluid is named wettability. This property refers to the interaction between fluid 

and solid phases. The liquid (fluid) phase in the reservoir can be water, oil or gas and the 

solid phase can be the rock. The wettability of the reservoir rock is an important property 

of the rock which determines the success of the waterflooding process since it has a great 

influence on the flow, location and distribution of the fluid in the reservoir. A rock is defined 

as Water-wet system when water occupies the small pores and contacts the rock surface 

in the large pores and oil is located in the middle of the large pores. Vice versa, a rock is 

defined as Oil-wet system when the location of two fluids is partly reversed from the water 

wet case. In the Oil-wet system water continues to fill the very small pores since oil never 

enters the small pores due to capillary forces, but oil contacts the majority of the rock 

surface in the large pores [27], [28]. Wettability concepts and the location of connate water 

and oil in the layer pores are shown in the figure 3.2-1:  

 
Figure 3.2-1- Plane view, cross-section view and fluid distribution in a hypothetical 

water-wet, oil-wet and fractional-wet pore [29] 
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Wettability as a parameter can have significant impact on relative permeability, residual 

oil saturation and capillary pressure which directly influence waterflooding performance 

but it is not a parameter which is used directly in the calculation of the waterflood 

performance [28], [30], [31].  

 

Types of wettability are classified in three categories [32]: 

 

• Water-wet: A system is defined as water-wet when its surface is wet by water 

more than 50%. In the reservoir condition, the contact angle between water and 

the rock surface is less than 90°.  

 

• Intermediate-wet: A system is defined as Intermediate or neutral-wet when all 

current phases in the system have the same tendency to wet the rock surface. As 

it is shown in figure 3.2-2, the contact angle between the rock and water is 90°.  

 

• Oil-wet: In an Oil-wet system, a thin film of the oil coats the rock surface and the 

contact angle between water and rock is greater than 90°.  

 

 

Figure 3.2-2- Contact angle between the rock surface and droplets 
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There are several different methods have been proposed to measure wettability of a 

system which can be classified in two main categories: quantitative methods and 

qualitative methods [33], [34].  

• Quantitative methods: These methods are known as expensive and time-

consuming methods and the most important of these as listed below: 

1. Contact Angles 

2. Imbibition and Forced Displacement (Amott) 

3. USBM Wettability Method 

 

• Qualitative methods: The main qualitative methods which are generally used for 

measuring the wettability are the following list: 

1. Imbibition Rates 

2. Microscope Examination 

3. Flotation 

4. Glass Slide Method 

5. Relative Permeability Curves 

6. Permeability/Saturation Relationships 

7. Capillary Pressure Curves 

8. Capillary Metric Method 

9. Displacement Capillary Pressure 

10. Reservoir Logs 

11. Nuclear Magnetic Resonance  

12. Dye Adsorption 

 

These methods are not described in detail in this thesis except for the flotation method 

since the focus of the thesis is on flotation experiments. The details of the above-

mentioned methods can be found in the literature [33], [27]. 
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3.2.1. Flotation Method 
Flotation method is a cheap and fast method unlike the other methods of measurement 

and the results can be obtained in short time instead of months but it works only for 

strongly wetted systems. In the easiest method of flotation, oil, water and grain are put in 

a bottle and the mixture is shaken. After a while, the result can be observed by taking a 

look at the amount of grain whether those that are suspended at the oil/water interface, 

or those that are settled to the bottom of the bottle. If the system is strongly water-wet, 

the grains will settle to the bottom of the bottle. The grains which are placed in the oil will 

form small clumps surrounded by a thin layer of water. Vice versa, if the system is strongly 

oil-wet, some of the grains will be suspended at the oil/water interface and oil-wet grains 

will form small oil globules in water [33], [35], [36]. In the oil industry, flotation method was 

developed by experiment conducted by Dubey and Doe several years ago in order to 

investigate the influence of oil and brine chemistry on wettability in reservoir. 

 

3.3. Wettability Alteration and Mechanism of 

Wettability Alteration 
The wettability alteration mechanism (Oil-wet to Water-wet) as one of the most 

fundamental concepts, plays an essential role in enhanced oil recovery. Wettability 

alteration refers to methods which lead to make the reservoir rock more water-wet 

resulting higher amount of recovered oil in waterflooding process. Many studies were 

carried out during the last years in order to understand the mechanism underlying the 

wettability state in the reservoir and how to control it. Studies and findings show that some 

main factors generally control wettability as listed below [37]: 

 

• Double Layer Expansion  

• Multi-component Ion Exchange (MIE) and Potential Determining Ion (PDI) 

• PH effects 
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3.3.1. Double Layer Expansion 
The electrical double layer expansion which is described by DLVO theory, is extremely 

dependent on ionic strength (the concentration of species and present type of ions in a 

solution). The ionic strength is considered as one of the most important factors that 

strongly affects the surface charge of the rock by disturbing the pre-established 

equilibrium in the Oil-Brine-Rock system. Due to the DLVO theory, the intermolecular 

surface forces play an important role within wettability states. These surface forces which 

govern the equilibrium in the CBR system, whether attractive or repulsive, are as follow:  

 

1. Van der Waals forces 

2. Electrostatic forces 

3. Structural or solvation forces 

 

According to the theory of colloidal stability, total disjoining pressure (Total DP) is equal 

to the summation of the Van der Waals (VDW) and electrostatic forces (EF). The total 

disjoining pressure is defined as the interactive forces between the interface of water-

rock and water-oil. The structural forces (SF) which was known later to dominate the 

limitation found in DLVO theory, has an intervening role on the system. The estimation of 

each force is detailed in the resource [38]. Due to the assumption of DLVO theory, the 

colloidal particles are very large compared to electrolyte ions which provides the 

description of the interaction between the surface and particle. The disjoining pressure 

describes the surface force per unit are and is given by equation as follow [17], [37]:    

 

 

Equation 3.3-1 

 

When two interfaces show a tendency to separate from each other, the total disjoining 

pressure is positive and vice versa, when two interfaces show a tendency to attract each 

other, the total DP is negative [19]. 
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3.3.2. Multi-component Ion Exchange (MIE) and 

Potential Determining Ion (PDI) 
As a definition for Potential Determining Ion (PDI), any ions which leaves the surface of 

a solid immersed in a liquid before equilibrium has been reached, while an electrical 

double layer building up and zeta-potential develops, such as 𝐶𝑎2+, 𝑀𝑔2+, 𝑆𝑂4
2− and 

𝑃𝑂4
3−. These ions have a very effective role in the wettability alteration and changing the 

surface charge of carbonate rock reservoir, so that increasing the concentration of PDIs 

are associated with increased recovery [39]. In simple and clearer terms, in the 

waterflooding process, any changes in the ionic composition of injected water into the 

reservoir leads to disturb the pre-established equilibrium in the CBR system.  

Carbonate rocks which are mainly calcite, are positively charged at relevant reservoir 

condition. On the other side, crude oil is negatively charged due to carboxyl group, -

COOH, and it leads to a strong bond between the negatively charged carboxylic group, -

COO-, and the positively charged sites on carbonate surface. Consequently, it can be 

stated that the oil-brine interface would be negatively charged while rock-brine interface 

is positively charged [1]. Multicomponent Ion Exchange (MIE) theory which is based on 

the water geochromatography (cation exchange), plays an important role in enhanced oil 

recovery process. This phenomenon occurs on the surface of the minerals due to the 

different affinities of various cations toward the rock surface [39].  

Based on many studies and experiments that were carried out on the waterflooding 

process on carbonate reservoir, wettability alteration is proposed as a key reason for the 

improvement of the oil recovery. Due to these experiments, a chemical mechanism for 

the wettability modification in carbonate reservoir is suggested by Zhang et al. [39] as 

illustrated by 3.3-1.  

It was suggested that sulfate in seawater, which is not present in the initial brine, will 

adsorb onto the positively charged rock surface resulting in lower the positive surface 

charge. As a result of reducing the positive charge of the rock surface and due to less 

electrostatic repulsion, more 𝐶𝑎2+ will adsorb onto the rock surface. 𝐶𝑎2+will then be able 

to react with adsorbed carboxylic group bonded to the rock and release some organic 

carboxylic materials. As it is shown in the 3.1-4, it is further recognized that 𝐶𝑎2+ can be 

substituted by 𝑀𝑔2+ at the rock surface at high temperature. Since 𝑀𝑔2+ is able to 
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displace 𝐶𝑎2+ from the rock lattice close to the surface, it will consequently be able to 

displace 𝐶𝑎2+ bonded with two carboxylic group on the rock surface and it provides 

obtaining the access through the aqueous phase [39], [40].  

 

 

Figure 3.3-1- Schematic model of the suggested mechanism for the wettability alteration 

induced by seawater. (A) proposed mechanism when 𝐶𝑎2+ and 𝑆𝑂4
2−are active at lower 

and high temperature. (B) Proposed mechanism when 𝑀𝑔2+ and 𝑆𝑂4
2− are active at 

higher temperatures [39]. 

 

3.3.3. pH Effects 
‘’Carbonates develop surface charge by these sites gaining or losing H+s (surface acid-

base reactions), and by subsequent adsorption of multi-valent cations or anions on the 

now-charged sites. For example, above pH 5 surface carbonate groups lose H+ and 

become negatively charged. This negative charge can be reversed if enough Ca+2 is 

adsorbed from solution onto the negatively charged carbonate groups. The net mineral 

surface charge is the sum of the individual surface species’ concentrations.’’ [41] (2017, 

p. 18). 

Considering the fact that the pH value of smart water usually is greater than 7, the higher 

values of PH, the higher amount of oil recovered and it is because of changing the 

carbonate surface charge. According to zeta potential measurement, increasing the pH 
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values of smart water changes the surface charge of the both rock-brine and oil-brine 

interfaces [19], [42]. 

 

3.4. Factors Influencing Wettability 
There are several main factors that affect the wettability of the rock in the reservoir. A list 

of these factors is briefly described as follow [1]: 

• Composition and characteristics of crude oil: The wettability of the reservoir 

can be altered by deposition of organic component present in crude oil or by 

adsorption of polar components in crude oil. The polar end adsorbs on the surface 

of rock leading to expose the hydrocarbon ends and make the surface of rock more 

oil-wet. 

The basic components of the crude oil which are quantified by base number, have 

a minor affect on the wettability of rock.  

 

• Ionic composition of injected fluid: The ionic composition of the injected fluid 

into reservoir can affect the wetting properties of the rock as well. According to 

many studies, presence of divalent ions such as sulphate, magnesium and calcium 

in the fluid will increase the wettability of the system [43].  

 

• Temperature: High temperature condition makes carbonate reservoir more water-

wet compared to low temperature condition [44]. As the temperature of the 

reservoir increases, the acid number (AN) of the crude oil decreases due to 

increased decarboxylation of the acidic material at high temperature [1]. 

 

• Pressure: As the pressure decreases toward bubble point of oil, the solubility of 

asphaltenes of the crude oil decreases resulting in precipitating and making the 

rock oil-wet by adsorbing on the rock [1]. 
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3.5. Membrane Separation  
Membrane separation technology which was developed in the 1950s, has been 

increasingly applied in large scale industrial plants in order to clarifying and concentrating 

dairy products, oily wastes and brine recovery and has been applied for water and 

wastewater treatment as well. Membrane separation (filtration) technology utilizes 

microporous materials to separate dissolved, colloidal and particulate constituents from a 

pressurized fluid. Membrane separation processes are generally classified in terms of 

pore size, applied pressure or molecular weight cut-off (MWCO) [45], [46]. Based on the 

size of the pores, membranes are categorized into 4 groups as listed below [47]: 

 

• Microfiltration (MF) 

• Ultrafiltration (UF) 

• Nanofiltration (NF) 

• Reverse Osmosis (RO) 

 

Microfiltration (MF) is suitable for treatment of water with high turbidity and low organics 

content since it has the largest pore size of 0.1-10 microns. As it is shown in figure 3.1-

5, it allows large particles to pass through, thus, it is commonly applied to separate large 

colloids, bacteria and suspended particulates. 

Due to the pore size of Ultrafiltration (UF), 0.001-0.1 microns, shown in the figure 3.1-5, 

it can cut-off suspended solids, proteins, bacteria and dyes but it is not able to remove 

the dissolved organics.  

Nanofiltration (NF) has smaller pore size compared to the MF and UF (0.0015 - 0.0030 

microns) and it is suitable for water softening and removal of disinfection by-products. It 

allows only water and monovalent ions be able to pass through. 

Reverse Osmosis (RO) with smallest pore size (0.0005 - 0.0015 microns) rejects almost 

all material from water and it is suitable for separation of ionic size particles in the range 

of the above-mentioned size.  

MF and UF processes can also be applied as pre-treatment for NF and RO processes.  
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Figure 3.5-1 and figure 3.5-2 show a general comparison diagram of the four membrane 

separation processes and size ranges of each process.  

 

 

 

Figure 3.5-1- General comparison diagram of selected separation process based on 
size ranges of various materials found in raw water [48] 
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Figure 3.5-2- Graphical representation of the membranes processes performance [49] 

 

 

3.6. Structural Design of Membranes 
In order to choose a high-performance membrane and to optimize the process as well, 

the physical construction and chemical design can be considered as very important 

parameters [45], [50].   

 

3.6.1. Physical Construction of Separation 

Membranes 
In the membrane permeation process, physical structure of the membrane can be 

considered as an important parameter. Due to uniformity of the pore structure along the 

membrane cross section, the membranes are categorized in three groups as listed below 

[45]: 

 

• Symmetric Membrane 

• Asymmetric Membrane 

• Thin Film Composite Membrane (TFC) 
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Membranes which consist of at least two layers and are made from different polymer 

materials, are called ‘’composite membranes’’. In thin film composite membrane, a thin 

dense skin layer (0,01 - 0,1 μm) is formed over a thick micro porous film of 100 μm. In 

these membranes, the flexibility of the most design of the layers is significantly high 

compared to asymmetric membranes since the dense active layer and the porous support 

layer consist of different materials. Figure 3.6-1 shows the structure of cross-section of 

asymmetric and thin film composite membranes: 

 

 

Figure 3.6-1- Structure of cross-section of thin film composite membrane [51] 

 

 

In the thin film composite membranes, the different materials which are used for the dense 

skin layer and support layer, is adjusted for the well combination of low solute permeability 

and high water flux they are usually applied for Reverse Osmosis (RO) and Nanofiltration 

(NF) which requires high salt rejection rate and high flux [45]. 
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3.6.2. Chemical Design of Membrane Materials 
In terms of chemical structure, membranes are generally categorized into three groups 

as follow [45]: 

 

• Organic Membrane 

• Inorganic Membrane 

• Organic-Inorganic Membrane (Hybrid) 

 

Organic membranes which are usually made of polymer, have a particular importance in 

the industry. These membranes can be made of natural or synthetic polymers based on 

compatibility membrane fabrication technology or desired application use. Examples of 

natural and synthetic polymers include polysulfide, cellulose acetate, polyacrylonitrile, 

aromatic polyamides and etc. [52], [53], [54], [55], [56]. 

 

 

3.7. Membrane Shapes and Configurations 
In terms of shape, there are several types of membranes available in material separation 

as listed and briefly described below [57], [45]: 

 

• Flat-Sheet Membranes 

• Spiral Membranes 

• Tubular Membranes 

• Capillary Membranes 

• Hollow-Fibre Membranes 

 

Flat-Sheet membrane is the simplest and most popular type of membrane which has been 

used since the beginning of the membrane study is Flat-Sheet membrane. They are 

manufactured of a sheet-like backing material with a membrane cast on the surface of 

the sheet and they are constructed with and without a support sheet. Spiral membranes 

are recognized as the most economical and inexpensive membranes which are basically 
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sheets arranged on top of each other to form several narrow slits for fluid flow. The spiral-

wound membranes are constructed of one to more than 30 membranes leafs and each 

leaf is made of two membranes sheets attached together end-to-end by glue with a 

permeate spacer in between them. Tubular membranes are located on the inside or 

outside of a tube which is made of special kind of material and the have porous walls. 

Tubular membrane modules usually consist of a minimum of two tubes; inner tube which 

called membrane tube and outer tube which is shell. Organic and inorganic membranes 

are used as materials of the tubular elements [58]. Capillary membranes work on the 

same basis of tubular membranes and the only difference is that the tubes used in the 

capillary membranes are smaller than the tubes used in the tubular membranes. Capillary 

membranes are recognized as a selective barrier since they are enough strong to resist 

filtration pressures. In capillary membrane chance of plugging is higher due to the smaller 

diameter but as benefit the packing density is much greater [59]. Hollow-Fibre 

membranes work on the same principle as capillary and tubular shapes and the only 

difference is that the tubes used in the hollow-fiber membranes are smaller which allows 

for flexibility. Materials used for hollow-fiber membranes are almost all organic polymer 

such as polyethylene, polyacrylonitrile, cellulose acetate and etc. [60], [61].  

 

 

3.8. Advantages of Membrane Separation Process 

over Traditional Separation Processes 
There are several advantages of membrane separation processes compared to the 

traditional separation processes that listed below [54], [55], [9]: 

 

• Low energy consumption 

• Highly selective separation 

• Constant temperature operation with no phase change 

• Relatively low capital investment and operating costs 

• Continuous and automatic operation  

• Simple modular construction 
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3.9. Membrane Performance  
In order to evaluate the performance of a given membrane, there are three crucial 

parameters: flux (solvent permeability) through membrane, rejection of solutes and 

recovery or yield for the operation of a nanofiltration unite. These parameters which are 

known as permeation characteristics of nanofiltration membrane, are described below 

[62]: 

  

• Membrane Flux 

Membrane flux or permeation flux (J) is defined as the volume of fluid flowing through the 

membrane per unite membrane area per unit time. The parameter affecting the 

membrane flux mainly are pressure, fluid viscosity and pore size. The simplified form of 

the flux equation is: 

  

  

𝑴𝒆𝒎𝒃𝒓𝒂𝒏𝒆 𝑭𝒍𝒖𝒙 (𝑱) = (
𝑭𝒑

𝑨
) ∗ 𝟏𝟎𝟎 

Equation 3.9-1 

  

Where, 

  

𝐽 = 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐹𝑙𝑢𝑥 (
𝐿

𝑚2ℎ𝑟
) 

𝐹𝑝 = 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 𝑜𝑓 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (
𝐿

ℎ𝑟
) 

𝐴 = 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐴𝑟𝑒𝑎 (𝑚2) 
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• Membrane Rejection 

Membrane rejection is defined as the amount of the solutes which have been rejected 

from fluid. Membrane rejection parameter is also known as desalting degree which shows 

the percent rejection of salts by the membrane and it can be calculated from the following 

equation: 

 

𝑴𝒆𝒎𝒃𝒓𝒂𝒏𝒆 𝑹𝒆𝒋𝒆𝒄𝒕𝒊𝒐𝒏(%) = (𝟏 −
𝑪𝒑𝒊

𝑪𝒓𝒊
) ∗ 𝟏𝟎𝟎 

Equation 3.9-2 

  

 

Where, 

 𝐶𝑝𝑖 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑙𝑡 (𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖) 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 

𝐶𝑟𝑖 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑙𝑡 (𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖)  𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 
 
 

Membrane rejection is a dimensionless parameter and its value usually varies between 

100% (complete rejection of solute) and 0% (solvent and solute pass freely through the 

membrane). The rejection of ions in NF membrane is predominantly dependent on the 

ion size, hydrophobicity, and charge. 

  

  

• Membrane Recovery 

Recovery of the membrane is usually defined as the amount of the water which is 

permeated from the membrane per unite time as the product of process. It can be 

calculated from the following equation: 

  

  

𝑴𝒆𝒎𝒃𝒓𝒂𝒏𝒆 𝑹𝒆𝒄𝒐𝒗𝒆𝒓𝒚 = (
𝑭𝒑

𝑭𝒇
) ∗ 𝟏𝟎𝟎 

Equation 3.9-3 
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Where, 

 𝐹𝑝 = 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 𝑜𝑓 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (
𝐿

ℎ𝑟
) 

𝐹𝑓 = 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 𝑜𝑓 𝐹𝑒𝑒𝑑 (
𝐿

ℎ𝑟
) 

 
 

 

 

3.10. Parameters Affecting the Performance of 

Nanofiltration Membrane 
During the designing a nanofiltration process, one should take into consideration several 

physical and chemical parameters which affect the permeation and rejection performance 

of the process. In the following section, the important operating parameters are briefly 

described [61], [45]: 

  

• Transmembrane Pressure 

This parameter is the driving force responsible for the transport in the NF process. The 

effective driving pressure is the exerted hydraulic pressure less than osmotic pressure 

which is exerted on the membrane by the solutes. The higher the transmembrane 

pressure, the greater driving force across the membrane resulting an increase in flux. But 

on the other hand, at higher pressure, deposition on the membrane occurs at faster rate 

leading to increasing in the osmotic pressure of the solution at the surface which leads to 

the reduction in the driving force of the solvent transport. Nanofiltration membrane 

provides fair separation at net pressure of 10 bar (150 psi) or higher [57]. 

 

• Feed Concentration 

The osmotic pressure and the activity of the of the solution increase as the concentration 

of solute increases resulting to increase the membrane surface concentration and 

decrease driving force for the solvent flux. Thus, the increase in salt concentration leads 

to a decrease in the permeate flux.  Since the effective pore radius of a charged pore 

increase as the ionic strength of the solution increases, the rejection of monovalent ions 
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decreases as their concentration in the feed increases. This phenomenon for divalent 

ions happens in a lower extent [61], [63]. 

 

• Temperature 

The NF membrane flux increases with increase in the temperature of the process and it 

is due to reduction in the viscosity of the feed (reduction in the viscosity of the feed 

accelerate the higher diffusivity of solutes and polymer chain mobility) [9]. The rejection 

of NF membrane process doesn’t change with the varying in the temperature of the 

process.   

 

• Cross flow Velocity 

This parameter is valid for cross-flow processes where with increase in the crossflow 

velocity in the NF membrane process the permeation flux increases due to efficient 

removal of fouling layer from the membrane surface [61]. 

 

• Solution pH 

This parameter is a critical parameter since it affects the performance of the NF 

membrane process in more than one way. At neutral pH and higher, the NF membrane 

surface (charged side) is negatively charged but it loses its charged in the acidic solution 

(lower pH) which leads to increase in the rejection of NF membrane. According to the 

results of various studies, zeta potential becomes more and more negative for most of 

the membranes as the values of the pH are increased and it leads to increase the 

electrostatic repulsion between a co-ion and membrane surface. Vice versa, presence of 

counter-ions in the solution reduces the negative zeta potential of the NF membrane. 

Thus, different ranges of pH affect the performance of the NF membrane [13], [45].  
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3.11. Membrane System Modes  
 Filtration system modes using membrane technology can be categorized in two major 

types [64], [65]:  

• Cross-flow filtration 

• Dead-end filtration (throughflow) 

 

When cross-flow filtration takes place, the concentrated feed solution is recycled and 

flows across the surface of membrane. Due to this process, only a small part of feed is 

permeated and the largest part of it leaves the system and it is recycled again. During the 

dead-end filtration process, all the solution that enters the membrane surface is passed 

through the membrane except some components and solids that stay behind the 

membrane. These collected solids and components on the surface of membrane grow in 

thickness and reduce the flow. The differences between two filtration system modes are 

illustrated in figures 3.11-1 and 3.11-2 below: 

 

 

Figure 3.11-1- A schematic of cross-flow filtration process [66] 
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Figure 3.11-2- A schematic of dead-end filtration process [66] 

 

In this thesis, dead-end process was used during filtration experiments using membrane. 
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Aa stated in the problem delimitation, the purpose of the project in the first step is to 

investigate the wettability changes of  rock system due to interaction between crude oil, 

rock and different brines using Modified Flotation Technique (MFT) and in the second 

step is to produce smart water with desired composition (Low salinity -low concentration 

of NaCl- while retaining divalent ions) to increase the wettability of rock system using 

membrane process technology. In the following sections, both the above-mentioned 

series of the experiments and materials are described in detail. 

 

4.1. Flotation Experiment 

4.1.1. Experimental Materials and Methods 
The purpose of the project in this section is to investigate and measure the changes in 

the wettability of the rock system (Dan Chalk) in the reservoir using experiments which 

are called flotation technique. For this purpose, the experiments were carried out using 

crude oil provided by Maersk Oil company from Danish Nord Sea and chalk (reservoir 

rock) that was obtained from Dankalk A/S, Denmark. This method is a simulated 

procedure for waterflooding process in the reservoir which must be accurately done in the 

lab, taking into account all the parameters that affect the process and results. Therefore, 

it is important to consider the characteristics of crude oil, rock system and brines which 

govern the process and wettability properties. In the following sections the most important 

characteristics of CBR (Crude oil, Rock and Brine) system are described.   

  

4.1.2. Crude Oil and Reservoir Rock Characteristics 
Crude oil characteristics such as density, acid number (AN) and base number (BN) are 

present in table 4.1-1. The density of the crude oil was determined by using Anton paar 

DMA35 portable density meter. Acid and base number of the crude oil were determined 

using Metrohm autotitrator tiamo 2.4, OIL PAK methods 4/5 for the acid number (AN) 

estimation and method 1/2 for the base number (BN) determination. In the figure 4.1-1 

the plot obtained mentioned methodology is shown [41]: 
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Table 4.1-1- Characteristics of crude oil from North Sea reservoir 

AN (mgKOH/g) BN (mgKOH/g) Density (at 25 °C) 

0.2 0.2 0.834 

 

 
 

 
Figure 4.1-1- Titration Results for Acid Number (U is the potential (mV), V is the added 

volume of titrant and EP stands for equivalence point) 

 

 

Table 4.1-2- Composition of Dan Chalk 

Species Percent (%) 

𝐶𝑎𝐶𝑂3 96.2 

𝐴𝑙2𝑂3 0.17 

𝑀𝑔𝐶𝑂3 0.54 

𝑆𝑖𝑂2 1.25 

Total  𝐶𝑂3 96.74 

 

  

Chemical composition of the chalk as an important parameter which governs the 

wettability is present in table 4.1-2 and table 4.1-3. These characteristics were obtained 

from last studies done in the department. The chalk sample was dried to ensure no moist 

present in the sample and it was then pulverized and sieved to fraction smaller than 100 

microns to ensure the smallest surface area for particles due to the flotation technique 
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idea. The chalk sample handled carefully during the preparation in order to avoid 

contamination. 

 

Table 4.1-3- Density of Dan Chalk 

Density (g/cm3) 

0.709760 

 

  
 

 

 

 

 

4.1.3. Modified Flotation Technique (MFT) Steps 
Modified flotation technique (MFT) is an effective and reliable technique to give an 

indication of wettability for a given type of chalk immersed in a crude oil and a formation 

brine [19]. Due to this technique in an aqueous solution, the particles (Chalk grain) with 

strong adhesion to water (water-wet or hydrophilic) sink in the bottom of test tube, while 

the particles (Chalk grain) with weak adhesion to water (oil-wet or hydrophobic) are 

suspended or float. The reason for this phenomenon is the difference in surface wettability 

of particles versus brine and crude oil [67]. Flotation technique allows valuable grains to 

float while unwanted grains sink. As the main advantage of the flotation technique, it is 

able to provide results in less time compared to the other methods of wettability 

measurement such as core flooding which take longer to complete. Furthermore, in the 

flotation technique it is easy to evaluate individual parameters. As an example, the 

influence of temperature or pH on wettability of grains.  

The procedure of modified flotation technique consists of several stages as listed below 

[67]: 

 

1.      One gram of rock (Dan Chalk) with grain size less than 100 µm is aged for a period of 

24 hours in 10 ml of brine at temperature of interest (in this project 100 °C). The contents 
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of the test tube (chalk and brine) is shaken in a vortex shaker to ensure perfect contact 

of the rock surface and the brine; 

2.      The column of the brine above the saturated chalk grains is decanted into another test 

tube and sealed for pH measurement; 

3.      Brine-wet grains are then aged with a 5 ml of crude oil for 24 hours at the same 

temperature of interest (100 °C) and shaken with the vortex shaker twice a day; 

4.      After oil aging, the decanted brine from step 2 is poured back into the test tube and 

gently shaken; 

5.      Mixture of the crude oil, brine and rock is allowed to settle for a couple of hours; 

6.      The floating grains (oil-wet grains) are removed and the walls of test tube are rinsed 

with Deionized water and this step is repeated a couple of times to ensure the oil is 

completely removed; 

7.      The test tube containing the water-wet grains is dried at 100 °C and then the dried and 

cooled test tube is weighted; 

8.       After step 7, it is important to recognize that the water-wet grains in the test tube are 

partially coated with oil which couldn’t be removed during the rising process. To remove 

the attached oil ca. 3-5 ml of a volatile organic solvent (in this project is pentane) is added 

to the tube and shaken and the dissolved oil is then decanted. This step is repeated until 

the attached oil is completely removed; 

9.      The test tube is dried at the temperature of approximately 38 °C; 

10.   The dried and cooled test tube is weighted. 

In order to calculate the amount of oil-wet grains, the dried and cooled water-wet grains 

from step 10 are subtracted from original mass of chalk (one gram). 

A general schema and step-by-step laboratory procedure of modified flotation technique 

is shown in the figure 4.1-2: 
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Figure 4.1-2- Modified Flotation Technique laboratory procedure at 100 °C of oven 
temperature. The drop shape represents the addition of brine (blue) and crude oil (brown) 
[17] 

 

 

 

 

4.1.4. Different Brines and Preparation 
As mentioned in the previous section, at the first part of the experiments, the project is 

aimed to investigate the wettability alteration of the reservoir rock upon interaction with 

different brines which are differ in composition. The recipes that are shown in tables 4.1-

4 and 4.1-5, were used to prepare synthetic seawater and its different composition and 

Ekofisk formation water (EFW) as well [2].  
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Table 4.1-4- Synthetic seawater recipe 

Salat Concentration (g/l) 

NaCl 23.38 

Na2SO4 3.41 

NaHCO3 0.170 

KCl 0.750 

MgCl2 * 6H2O 9.05 

CaCl2 * 2H2O 1.91 

TDS 38.67 
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Table 4.1-5- Ekofisk formation water recipe 

Salat Concentration (g/l) 

NaCl 67.3 

KCl 0.549 

NaHCO3 0.332 

BaCl2 * 2H2O 0.45 

SrCl2 * 6H2O 2.270 

Na2SO4 0 

MgCl2 * 6H2O 4.45 

CaCl2 * 2H2O 14.69 

TDS 90.041 

 

  

The preparation of synthetic brine was based on published composition for a reference 

volume of 1 liter and room temperature [17]. The following steps were used to prepare 

the synthetic brines based on the recipes: 

a.      Chloride salts are diluted in 400 ml of deionized water; 

b.      Sulphate salts are diluted in 200 ml of deionized water; 

c.      Carbonate salts are diluted in 200 ml of deionized water; 

d.      The brines are mixed into a volumetric flaks and 200 ml of deionized water are added; 

e.      The solution is stirred until all the salts are fully dissolved.  
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4.1.5. Ionic Concentration and Composition of 

Brines 
Having use the instruction for preparing synthetic brines described in the last section, 7 

sets of synthetic brines with their dilutions were prepared in the lab. Table 4.1-6 shows 

all types of brines with different composition used in the flotation experiments: 

 

 

 

Table 4.1-6- Types of brines and their dilutions 

Brines  Origin 

Ekofisk FW Synthetic  

Syn. SW Synthetic  

Syn. SW 2D Synthetic  

Syn. SW 20D Synthetic  

Syn. SW 100D Synthetic  

Syn. SW0S Synthetic  

Syn. SW0S0Ca Synthetic  

Syn. SW0S0Ca 2D Synthetic  

Syn. SW0S0Ca 20D Synthetic  

Syn. SW0S0Ca 100D Synthetic  

Syn. SW0S0Mg Synthetic  

Syn. SW0S0Mg 2D Synthetic  

Syn. SW0S0Mg 20D Synthetic  

Syn. SW0S0Mg 100D Synthetic  

Syn. SW0Ca0Mg Synthetic  

Syn. SW0Ca0Mg 2D Synthetic  

Syn. SW0Ca0Mg 20D Synthetic  

Syn. SW0Ca0Mg 100D Synthetic  

Syn. SW0S0Ca0Mg Synthetic  

SEA WATER North Sea 

 

The composition of ions and ionic strength have an effective impact on the wettability 

alteration of rock system in reservoir. By dissolving an ionic solid in water, cations and 

inions are separated and it is then possible for them to move around in the solution leading 

to conduct the electrical current by the solution [19]. According to general dissociation 
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theory, when an ionic solid is dissolved in water, equilibrium is reached between anions 

and cations. General procedure of the calculation of the ionic concentration and ionic 

strength which is based on the dissociation theory, is described as following [68], [69]: 

 

A.   Knowing the molecular weight of particular salt and the amount of mass added to 

the solution, one can calculate the molarity: 

B.   Due to the general dissociation theory, the amount of moles of each dissociated 

anion and cation is calculated; 

C.   The total amount of each cation and anion is summed; 

D.   Total Dissolved Solids (TDS) is equal to the sum of total amount of salts added to 

the aqueous phase. 

To estimate ionic strength which is used to express the ionic composition solution, the 

following equation 4.1-1 is used: 

 

𝜇 =
1

2
∑ 𝐶𝑖 𝑍𝑖

2 

Equation 4.1-1 

 

Where, 

  

µ = 𝐼𝑜𝑛𝑖𝑐 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (
𝑚𝑜𝑙

𝑙
) 

𝐶𝑖 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑖𝑜𝑛 𝑜𝑓 𝐼𝑜𝑛 (
𝑚𝑜𝑙

𝑙
)  

𝑍𝑖 = 𝐶ℎ𝑎𝑟𝑔 𝑜𝑓 𝐼𝑜𝑛 

 

Table 4.1-7 shows the calculated molar concentrations, ionic strengths, TDS and 

densities of all brines:  
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Table 4.1-7- Calculated molar concentrations, ionic strengths, TDS and densities of all 
brines 
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4.1.6. pH and Density of Brines and Measurement Method 
 

pH/conductometer Metrohm 914 was used to measure the initial and final pH of synthetic 

brines. It was calibrated with two buffers (pH=4 and pH=7) at ambient temperature. The 

initial pH of the all brines were measured at ambient temperature and the final pH of all 

decanted brines were measured at 100 °C. 

Anton Paar DMA 35 portable density meter (accuracy 0.001 g/cm3, reproducibility 0.0005 

g/cm3) was used to measure the density of the all brines at the ambient temperature in 

the initial stage (before aging). The results are shown in table 4.1-8: 

 

Table 4.1-8- pH and measurement of brines at ambient temperature 

 

 

According to Le Chatelier’s principle (equilibrium law), ‘’when any system at equilibrium 

is subjected to change in concentration, volume, temperature or pressure, the system 

Density 

(g/cm3)

Ekofisk FW 1,049 6,99

Syn. SW 1,021 7,77

Syn. SW 2D 1,011 7,8

Syn. SW 20D 1,001 8,32

Syn. SW 100D 0,998 8,6

Syn. SW0S 1,018 7,6

Syn. SW0S0Ca 1,017 7,8

Syn. SW0S0Ca 2D 1,011 7,92

Syn. SW0S0Ca 20D 1,001 8,1

Syn. SW0S0Ca 100D 0,996 8,19

Syn. SW0S0Mg 1,017 7,72

Syn. SW0S0Mg 2D 1,009 7,9

Syn. SW0S0Mg 20D 0,998 8,17

Syn. SW0S0Mg 100D 0,992 8,29

Syn. SW0Ca0Mg 1,019 7,33

Syn. SW0Ca0Mg 2D 1,012 7,44

Syn. SW0Ca0Mg 20D 1,003 7,81

Syn. SW0Ca0Mg 100D 0,994 8,15

Syn. SW0S0Ca0Mg 1,011 7,42

Brine (s.l.) pH
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readjusts itself counteract (partially) the effect of the applied change and a new 

equilibrium is established’’, if the temperature of water increases, it leads to change the 

equilibrium of the system and it will cool down the system by absorbing extra heat. As it 

can be seen from the balanced equation 4.1-2 (water autoprotolysis), the forward reaction 

is favored as the result of the increase in temperature of the system. Thus, more 

hydronium and hydroxide ions are formed and the value of autoionization constant (Kw) 

increases resulting to decrease the value of pH. This behaviour can be denoted by 

comparing the values of pH in table 4.1-8. 

  

 

𝐻2𝑂(𝑙) + 𝐻2𝑂(𝑙) ⇌ 𝐻3𝑂+(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞) 

Equation 4.1-2 

 

4.1.7. Reservoir Rock Water-wet and Oil-wet 

Fractions and Calculations 
After performing the MFT experiments and collecting data with high precision, two 

important parameters including water-wet and oil-wet fraction were calculated using the 

following equations: 

 

𝑊𝑎𝑡𝑒𝑟˗𝑤𝑒𝑡 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟˗𝑤𝑒𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔) ∗ 100

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑜𝑐𝑘 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔)
 

Equation 4.1-3 

 

 

𝑂𝑖𝑙˗𝑤𝑒𝑡 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑖𝑙˗𝑤𝑒𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔) ∗ 100

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑜𝑐𝑘 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔)
 

Equation 4.1-4 
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4.2. Smart Water Production Experiment 

4.2.1. Experimental Materials and Methods 
In this step of experiment, the project is aimed to produce smart water with desired 

composition (low salinity while retaining divalent ions such as magnesium, sulphate and 

calcium) using nanofiltration and reverse osmosis technology. For this purpose, the 

experiments of membrane process were carried out using filtered seawater collected from 

Esbjerg harbor as feed. Since the characteristics of the feed passing through the 

membrane has a decisive role in the performance of the process, determination of the 

characteristics of the seawater including pH, density, conductivity and composition was 

performed as the first and most important stage of the work. 

 

-          pH: pH/Conductometer Metrohm 914 was used to measure the pH of the filtered 

seawater. It was calibrated with two buffers (pH=4 and pH=7) at ambient temperature. 

  

-          Density: Anton Paar DMA 35 portable density meter (accuracy 0.001 g/cm3, 

reproducibility 0.0005 g/cm3) was used to measure the density of the filtered seawater at 

the ambient temperature. 

  

-          Conductivity: 912/Conductometer Metrohm (accuracy ±0.005 at 0.1 µS – 500 mS) 

was used to measure the conductivity and salinity of the feed at the ambient temperature. 

  

-          Composition: In order to determine and measure the concentration of major ions in 

seawater, two machines were used: Ion Chromatography (IC) was used for major anions 

(chloride and sulphate) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

was used for major cations (Calcium, Magnesium and Sodium). Both machines are 

described in detail in the following sections. 

  

4.2.2. Analysis of Ions (Ion Chromatography (IC)) 
Ion chromatography Metrohm (833 IC Liquid Handling Unit, 818 IC Pump, 819 IC 

Detector, 771 IC Compact Interface, 820 IC Separation Center, 813 Compact 

Autosampler) was used to measure the concentration of anions of feed and samples from 
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different membrane processes. The samples were diluted to 100, 1000, 10000 and 2000 

times of its concentration depending on the membrane process in order to get more 

accurate results. The samples were poured into labeled glass tube (10 ml capacity-

minimum amount of sample for analysis was ca. 5 ml) and were processed in the 

machine. Each sample took ca. 12 minutes in the machine to be processed.   

The output report from the IC machine is a graph showing several peaks. Each peak 

represents a separate ion from the sample solution. The elution time (the time it takes for 

ion to move through the column) varies for each ion species as they elute from the column 

separately as the pH or ionic strength of the eluent is increased. The concentration of 

ions moving through the column at a particular time is represented by the area under 

each peak and it can be correlated to the concentration of a specific spices in the sample 

solutions [70], [9]. Ion Chromatography machines usually provide a software which 

calculates the area under each peak and eventually reports the concentration of each ion 

in mg/l, ppm (parts-per-million) and etc. The IC machine is shown in figure 4.2-1 and the 

machine output reports including the graph and the concentration of ions in the samples 

are provided in the appendix section.  

 

Figure 4.2-1- Ion Chromatography (IC) machine 
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4.2.3. Analysis of Metals (Inductively Coupled 

Plasma-Mass Spectrometry (ICP-MS)) 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is an ionization source which 

completely decomposes a sample into its constituent elements and transforms these 

elements into ions. It is usually composed of argon gas and energy is coupled to it using 

an induction coil to form plasma [71].  Optical Emission Spectrometer PerkinElmer (ICP-

MS, Optima 8000) was used to measure the concentration of cations of feed and samples 

from different membrane processes. The samples were diluted to 100, 1000, 10000 and 

2000 times of its concentration depending on the membrane process in order to get more 

accurate results. The samples were poured into labeled tube (10 ml capacity-minimum 

amount of sample for analysis was ca. 5 ml) and were processed in the machine. Each 

sample took ca. 5 minutes in the machine to be processed.  The machine was calibrated 

with standard solutions and certified reference material before placing the samples in the 

machine each time.   

When the sample solution introduced into the device using a peristaltic pump, atomic 

elements are led through a plasma source where the elements become ionized and the 

ions are separated on the basis of their mass-to-charge ratio. These ions are then sorted 

on account of their mass and a detector receives an ion signal proportional to the 

concentration [72]. The output report of the ICP-MS machines for all the samples from 

different membrane processes are provided in appendix section. 

Figure 4.2-2 shows the Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

machine: 
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Figure 4.2-2- Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) machine 

  

 

 

 

 

4.2.4. Properties of Seawater 
In order to thorough analysis of the results, the main characteristics of the feed (Normal 

filtered seawater) and all the samples extracted after filtration including ionic composition, 

pH, conductivity and TDS were measured and recorded in all steps of experiments. The 

ionic composition (major ions) and other important characteristic of the feed are shown in 

the following table: 
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Table 4.2-1- Characteristics of seawater 

Characteristics of Filtered Seawater 

Ions Concentration (mg/l) 

Chloride (𝐶𝑙−) 17151,50 

Sulphate (𝑆𝑂4
2−) 2100,00 

Sodium (𝑁𝑎+) 8962,50 

Magnesium (𝑀𝑔2+) 1062,00 

Calcium (𝐶𝑎2+) 427,50 

Other Characteristics of Filtered Seawater 

pH 7.46 

TDS (mg/l) 38670 

Conductivity (mS/cm) 39.6 

 

 

 

 

 

  

4.2.5. Membranes for Separation 
Separation experiments were carried out in Nano-Filtration Laboratory (AAU) using dead-

end filtration process and two types of membranes; nanofiltration membrane (NF) and 

reverse osmosis membrane (RO). As mentioned in the previous sections, thin-film 

composite membrane was used for nanofiltration and reverse osmosis experiments. The 

experimental setup was performed by passing deionized water through the membrane at 

pressure of 10 bar for five minutes. Nitrogen cylinder was used to apply the pressure. The 

membranes used for separation processes and their process principles and mechanisms 

are described in detail below: 
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4.2.5.1. Nanofiltration Membrane (NF) 
Nanofiltration technology with a reasonable water flux at relatively low pressures 

developed as pressure-driven membrane process for liquid-phase separation when the 

first efforts of reverse osmosis development with low water flux at high pressures was 

started. Although the rejection of nanofiltration was not as good as reverse osmosis, it 

was considered as a great improvement for membrane technology with high water 

permeability. As explained in previous sections, nanofiltration technique with a pore size 

of approximately 1 nm is located between reverse osmosis technique where transport is 

governed by a solution-diffusion mechanism and ultrafiltration technique where 

separation mechanism is due to size exclusion and in some case, due to charge effects. 

Thus, the separation mechanism in nanofiltration is based on a combination of RO and 

UF mechanism with an addition effect of charge which is due to surface characteristics of 

nanofiltration membrane [73], [57]. 

 

  

4.2.5.1.1. Process Principle and Mechanism 
In any process the mechanism of the fluid dynamic occurring inside the respective 

equipment is the most important part of the process to understand and improve it. The 

mechanism of separation of solutes at the nanofiltration membrane surface is a very 

complex phenomenon since the separation mechanism can be achieved by several 

mechanism whether physical or chemical selectivity.  It implies that the separation 

mechanism occurs due to different phenomena such as charge repulsion, size exclusion 

and steric hindrance [73], [74], [75]. 

 

• Donnan exclusion (Sorption-surface capillary flow) 

• Stearic hindrance (Sieving effect) 

• Solution-diffusion theory 

 

 

Donnan exclusion (Sorption-surface capillary flow): Ion separation resulting from 

electrostatic interactions between ions and the membrane surface charge (most 

nanofiltration membranes are slightly negatively charged at neutral pH) is originally based 
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on the Donnan exclusion mechanism. In this mechanism co-ions which have the same 

charged as the membrane surface are repulsed by the membrane surface and in order 

to compensate the electroneutrality condition of the surface, an equivalent number of 

counter-ions is retained resulting in salt retention. According to the Donnan exclusion 

principle, the efficiency of ion exclusion depends on the valences of the co-ions and 

counter-ions respectively, salt concentration and charge of the membrane surface. In 

other words, the efficiency of ion exclusion increases as the valence of co-ion increases 

and it decreases as the valence of the counter-ion increases. For example, rejection of 

salts with divalent anions such as 𝑁𝑎2𝑆𝑂4 in a negatively charged membrane is higher 

than monovalent salts such as NaCl. 

 

Stearic hindrance (Sieving effect): Sieving effect rejection is based on size differences 

of species in the solution. It means that membrane rejects solutes which have larger 

molecular weight than molecular weight cut-off (MWCO) of the membrane and solutes 

which have a lower molecular weight, will pass through the membrane (Molecular weight 

cut-off is defined as the minimum molecular weight of a solute which is 90% retained by 

the membrane. In other words, it is a term that expresses the potential separating 

capabilities of a membrane). Nanofiltration membranes have a molecular weight cut-off 

of approximately 150-250 Dalton [73], [61]. Therefore, the solutes with different molecular 

weight or size will be separated based on sieving effect and the transportation of the non-

charged solutes through the NF membrane is determined by steric exclusion mechanism 

which applies to microfiltration and ultrafiltration as well. The mechanism of molecular 

sieving is shown in figure 4.2-3: 
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Figure 4.2-3- Molecular Sieving occurring in membrane [76] 

 

According to the molecular sieving mechanism two important parameters must be 

considered related to ions and solutes rejection in water solution; Stokes radius and 

hydration energy of ions. Stokes radius or Stokes-Einstein radius of a solute is the radius 

of a hard sphere which diffuses at the same rate as that solute and it is related to the 

solute mobility, factoring in not only size but also solvent effects [61], [73]. Hydration 

energy is the energy required to extract the solute from the solvent to pass it through the 

membrane pores. The higher values of the hydration energy, the higher amount of energy 

needed to extract ions from the solvent. 

Nevertheless, Stokes radius and hydration energy can be considered as two important 

parameters that can affect the retention of the ions in a solution as stated below: 

 

• In a NF membrane rejection of a solute increases with increasing stokes radius. 

• The ions which have higher hydration energy are more retained. 

 

 

The stokes radius and hydration energy of different ions are shown in table 4.2-2: 
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Table 4.2-2- Stokes Radius and hydration energy of different ions [13] 

Ions Stokes Radius (nm) Hydration Energy 

(KJ/mol) 

𝑁𝑎+ 0.184 407 

𝐶𝑙− 0.121 376 

𝐹− 0.117 515 

𝑁𝑂3
− 0.128 329 

𝑆𝑂4
2− 0.231 1138 

𝐶𝑎2+ 0.310 1584 

𝑀𝑔2+ 0.341 2018 

 

 

 

Solution-diffusion theory: Due to solution-diffusion theory, membrane is described as 

a porous film into which both water and solutes dissolve. The solutes moving in the 

membrane is mainly due to concentration gradient forces, while the water transport is 

dependent on the hydraulic pressure gradient. The solute transport through the 

membrane depends on hindered diffusion and convection [61], [50], [57]. The mechanism 

of solution-diffusion is shown in figure 4.2-4: 

  

 
Figure 4.2-4- Solution-Diffusion occurring in membrane [76] 
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Filmtec Flat Sheet membrane, NF270, PA-TFC manufactured by Dow company was used 

for nanofiltration experiments. The specifications of the membrane are shown in table 4.2-

3, [77], [78]: 

  

Table 4.2-3- Filmtec Flat sheet NF270 Membrane Specifications 

Filmtec Flat sheet NF270 Membrane Specifications 

Membrane Type Polyamide Thin-Film Composite 

pH range 2 - 11 

Maximum Operating Pressure (bar) 41 

Maximum Operating Temperature (°C) 45 

Membrane Configuration Flat Sheet 

Nominal Membrane Area (cm2) 14.6  

Rejection (%), MgSO4 99.2 

Pore Size/ MWCO (Da) ~ 200 – 400 

Flux (gfd/psl) 72.0-98.0/130 

MWCO (Da) 200-400 

Zeta potential (mV) at pH 5.3 -52 

Zeta potential (mV) at pH 8 -74 

 

 

The nanofiltration experiments were done using 100 ml filtered sea water as feed and the 

applied pressure was in the range of 4 to 12 bar (4 bar, 6 bar, 8 bar, 10 bar and 12 bar). 
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The recovery of permeate was fixed and assumed to be 60%. Samples from both 

permeate and retentate were collected and kept in other to measure pH, conductivity, 

salinity, TDS and ion chromatography. Flow rate for permeate stream was measured in 

different pressure as well to calculate flux and all data were recorded. 

  

4.2.5.2. Reverse Osmosis Membrane (RO) 
In 1953, Reverse osmosis (RO) was developed as a new method for the desalination of 

sea water and it could reject 96% of salts dissolved in the sea water [79]. Reverse 

osmosis technology uses a semi-permeable membrane in order to remove ions, 

molecules and even bacteria from fluid and the process needs to apply external pressure 

to overcome the osmotic pressure which is driven by the chemical potential differences 

of a solvent. Although, the permeation flux of the process was extremely low, it was 

introduced and developed as a successful innovation in the water purification technology 

[80]. 

 

 

4.2.5.2.1. Process Principle and Mechanism 
As the name implies, the principle of reverse osmosis process is due to a natural 

phenomenon, spontaneous passage of water through a semipermeable membrane 

(membrane is permeable to some species but not to others). This phenomenon occurs 

when there are two aqueous solutions with different concentrations in two sides of the 

membrane and the aqueous solution with lower concentration flows through the 

membrane into the higher concentrated aqueous solution to equalize the concentration 

differences [79]. Osmotic pressure varies due to the concentration and temperature of the 

aqueous solution. As it is shown in figure 4.2-5, when pure water passes through the 

semi-permeable membrane, the levels of the two solutions become unequal and the 

difference in pressure finally stops the mitigation. This phenomenon is called osmotic 

equilibrium and the difference between the pressures of two aqueous solutions called 

osmotic pressure. In reverse osmosis process, an external pressure (higher than osmotic 

pressure) is applied in order to overcome the osmotic pressure and force the water from 

the higher concentration side through the membrane to the lower concentration side. 
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Thus, water flows in the reverse direction of natural tendency of the flow across the 

membrane and leaves the dissolved salts behind the membrane [45], [80], [81]. In reverse 

osmosis process, the driving force is the difference between the external pressure and 

osmotic pressure [82].     

  

 

Figure 4.2-5- Principle of Reverse Osmosis membrane 

 

 

 

 

 

 

Filmtec Flat Sheet membrane, Ro, XLE, PA-TFC manufactured by Dow company was 

used for reverse osmosis experiments. The specifications of the membrane are shown in 

table 4.2-4, [83], [78]: 
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Table 4.2-4- Filmtec Flat sheet Reverse Osmosis (LPRO) Membrane Specifications 

Filmtec Flat sheet RO (LPRO) Membrane Specifications 

Membrane Type Polyamide Thin-Film Composite, Extra-

Low Energy 

pH range (25°C) 2 - 11 

Maximum Operating Pressure 

(bar) 

69 

Maximum Operating 

Temperature (°C) 

45 

Membrane Configuration Flat Sheet 

Nominal Membrane Area (cm2)  14.6 

Stabilized Salt Rejection (%) 98.7 

Pore Size/ MWCO (Da) ~ 100 

Flux (gfd/psl) 33-41/125 

MWCO (Da) >100 

Zeta potential (mV) at pH 5.3 -21 

Zeta potential (mV) at pH 8 -38 

 

The experiments were carried out using 100 ml filtered sea water as feed and varying the 

feed pressure from 10 to 30 bar (10 bar, 15 bar, 20 bar, 25 bar and 30 bar). The recovery 

of permeate was fixed and assumed to be 60%. Samples from both permeate and 

retentate were collected and kept in other to measure pH, conductivity, salinity, TDS and 

ion chromatography. Flow rate for permeate stream was measured in different pressure 



62 
 

as well to calculate flux and all data were recorded. Figure 4.2-6 shows the experimental 

setup for both nanofiltration and reverse osmosis membranes experiments: 

  

 

Figure 4.2-6- Dead-End Process, experimental setup for both nanofiltration and reverse 
osmosis membranes experiments 
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4.2.6. Simulation Software 
IMSDesign (Hydranautics, Integrated Membrane Solutions Design) designed by Nitto 

Group Company [84] , was used to simulate, evaluate and estimate energy consumption 

of membranes process trains that are present in chapter 6. A schematic of the IMSDesign 

software is shown in figure 4.2-7: 

 

 

Figure 4.2-7-Schematic of IMSDesign software designed by Nitto Group Company 
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5.1. Flotation Technique and Wettability Alteration  

5.1.1. General Principles 
As previously discussed, chemical composition of seawater has a significant effect on the 

wettability of the rock in the reservoir. This fact has been proven due to many researches 

and investigations on CBR system in the recent years that by changing the wetting 

properties of the rock it can be possible to improve oil production and led it in the desired 

direction.  

According to the objectives of this thesis, several sets of experiments were carried out 

using modified flotation technique (MFT) in order to investigate the wettability alteration 

of rock system upon the interactions that occur in the CBR system. For this purpose, 

except for brines composition almost all the variables were assumed to be constant. Main 

focus of the experiments was on the effect of divalent ions (Mg2+, Ca2+ and SO4 2-) in 

the seawater, separately and paired together on the wetting properties of chalk in the 

carbonate reservoir. Using different brines with different compositions made it possible to 

evaluate the individual effect of each ion on the wettability alteration of the chalk. All 

experiments were done in temperature of 100 °C. Data obtained from the experiments 

were recorded, collected and analyzed as present in the following sections.  

 

5.1.2. Influences of Synthetic Seawater and its 

Dilutions on Wettability of Rock 
The first series of MFT experiments was carried out using synthetic seawater and its 

dilutions in order to investigate how these brines affect the wettability of the chalk. Figure 

5.1-1 shows the chalk wettability alteration upon interaction with synthetic seawater and 

two, twenty and hundred times of its dilutions at 100 °C. As it can be seen from the figure, 

the maximum amount of water-wet fraction of rock was achieved with 20 times diluted 

synthetic seawater, approximately 60.67% of wettability. Due to the 1.53% of standard 

deviation, it can be verified that the result is at high level of confidence. Non-diluted 

synthetic seawater has the maximum amount of water-wet fraction of chalk (59%) after 

the 20 times diluted syn. seawater and the both two and hundred times diluted syn. 
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seawater are placed in the third and forth places of wettability, respectively. This tendency 

can be also confirmed by Sohal [19].  

 

Figure 5.1-1- Effect of different dilutions of synthetic seawater on wettability at 100 °C. 
Error bars represent the standard deviation (in percent) of the data. 

 

 

5.1.3. Influences of Divalent Ions on Wettability of 

Rock 
As it was previously mentioned, one of the main objectives of the project is to investigate 

the influences of divalent ions in the seawater on wettability of rock in the reservoir. For 

this purpose, a set of brines with different compositions of divalent ions (Calcium, 

Magnesium and Sulphate) were synthetically prepared by removing two of the three 

mentioned ions in each step. By the way, it was possible to investigate the effect of each 

ion on the wettability of the chalk separately. The results of wettability alteration of Dan 

Chalk using non-diluted syn. seawater with only Magnesium (Calcium and Sulphate were 

removed) and its dilutions is shown in figure 5.1-2. According to the tendency in the figure, 

the increasing dilution improved the wettability of the grains up to 20x dilution where the 
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highest water-wet fraction was achieved (approximately 52.33%). Having compared to 

the original synthetic seawater recipe, it was revealed that wettability of the chalk 

decreased after removing calcium and sulphate from the seawater. The minimum amount 

of the water-wet fraction was obtained with non-diluted syn. seawater with only 

magnesium (approximately 49%).  

 

 

Figure 5.1-2- Effect of different dilutions of syn. SW0S0Ca on wettability at 100 °C. Error 
bars represent the standard deviation (in percent) of the data. 

 

Figure 5.1-3 shows the results of wettability alteration of Dan Chalk using non-diluted syn. 

seawater with only calcium (Magnesium and Sulphate were removed) and its dilutions as 

brine in the flotation technique. It can be seen from the figure that the wettability of the 

grains was improved by reducing the concentration of the brine until 20x dilution 

(51.33%). The tendency of the graph shows that more than 20x dilution of the brine will 

cause the grains becoming more oil-wet as the lowest amount of water-wet fraction 

occurred with 100x dilution of the brine (Ca. 47.67%).  
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Figure 5.1-3- Effect of different dilutions of syn. SW0S0Mg on wettability at 100 °C. 
Error bars represent the standard deviation (in percent) of the data. 

 

 

The results of wettability alteration of Dan Chalk using non-diluted syn. seawater, zero 

calcium and zero magnesium (only with sulphate) and its dilutions is shown in figure 5.1-

4. Due to the trend of the graph, the decreasing in the brine concentration up to 20 times 

makes the system more water-wet while diluting the brine more than 20 times will move 

the system toward oil-wet. As the figure shows, the minimum amount of water-wet fraction 

occurred with the 100x diluted brine (approximately 48.33%).  
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Figure 5.1-4- Effect of different dilutions of syn. SW0Ca0Mg on wettability at 100 °C. 
Error bars represent the standard deviation (in percent) of the data. 
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wettability of chalk using Ekofisk Formation water is very low as well (approximately 

41.33%). This result reveals the fact that the increasing in salinity of the brine will lead to 

decrease in water-wet fraction and will make the system more oil-wet. According to the 

composition of formation water, even though there is sulfate (the most active ion 

regarding wetting properties in carbonate reservoir), the high concentration of calcium 

especially in combination with high temperature causes decreasing the wettability of rock 

due to formation of precipitation of anhydrate, CaSO4 in the presence of the low amount 

of sulphate [1], [39].  

 

 

Figure 5.1-5- Comparison of wettability alteration using different brine at 100 °C. Error 
bars represent the standard deviation (in percent) of the data. 
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These ions act as potential determining ions in oil recovery since they can change the 

surface charge of CaCO3 lead to release oil from the rock surface [39].  From figure 5.1-

5 can be seen, the wettability of chalk effectively changed by just removing or adding of 

these three ions in the seawater composition.  

 

5.1.4. Effect of Divalent Ions Concentrations on 

Wettability 
According the previous researches and investigations, [39], [1], the presence of divalent 

ions (sulphate, calcium and magnesium) and their concentrations as determining ions in 

seawater have the greatest impact on the wettability of rock system and, consequently, 

the recovery of oil. In order to investigate and analyze the relation between divalent ion 

concentration and wettability of rock, a graph was prepared as shown in figure 5.1-6.  

 

 

Figure 5.1-6- Wettability alteration of Dan Chalk and variation of divalent ions 
concentration for non-diluted synthetic seawater and its dilutions at 100 °C 
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As it can be seen from the graph and considering the wettability alteration with synthetic 

seawater and its dilutions, calcium with a concentration less than 1 mmol/l achieved the 

wettability of 60.67% in presence of sulphate and magnesium followed by the 

concentrations of 1.2 and 2.2 mmol/l, respectively.  

  

5.1.5. Correlation Between pH and TDS with 

Wettability Alteration 
 Having used data (pH, TDS and avg. water-wet) from flotation experiments and plotted 

them in graphs (figures 5.1-7 and 5.1-8), it was possible to observed that the pH of the 

synthetic seawater is increased as the dilution of seawater takes place. Following the pH 

curve from point Syn. SW to Syn. SW 2D, there is no specific changes neither in the value 

of pH nor TDS while a significant reduction occurs in the wettability. From point Syn. SW 

2D to Syn. SW 20D, the pH increases from 7.8 to 8.32 since the ionic charge equilibrium 

is changed and leads to interact on the rock surface. The chalk can get the maximum 

wettability in this range of graph while the amount of TDS is reduced by about 90%. With 

respect to the trend of the TDS curve from point Syn. SW 20D to Syn. SW 100D, the 

wettability is extremely reduced although the TDS does not change significantly. The 

value of ionic strength in this range of the graph is almost close to zero.  
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Figure 5.1-7- Dependency of rock wettability on pH for non-diluted seawater and its 
dilutions at 100 °C 

 

 

 

Figure 5.1-8- Dependency of rock wettability on TDS for non-diluted seawater and its 
dilutions at 100 °C 
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5.1.6. Oil Coating and Wettability Index 
 

Oil Coating  

The modified flotation technique, as an effective method for investigating the 

waterflooding process in reservoir, determines not only the best composition of the 

injectable advanced water into the reservoir, but also provides information about the 

amount of oil which is attached on the surface of water-wet grains after wettability 

alteration and it is very hard to measure with other methods. During the MFT experiments, 

it was observed that a thin layer of oil coted some of the water-wet grains exhibiting a 

brownish color. According to a study, the fact was observed that the organic compounds 

of crude oil such as organic acids adsorbed on carbonate surfaces strongly whereas other 

compounds of the crude oil such as amines and alcohols adsorbed weakly [85]. The 

compounds which weakly adsorbed on the rock surface could be removed or replaced 

easily (by most solvent) but strongly adsorbed compounds could not [19]. Figures 5.1-9, 

5.1-10, 5.1-11, 5.1-12 and 5.1-13 show the average mass of attached oil on the chalk 

versus the average mass of water-wet grains for different brines and their dilutions: 

 

Figure 5.1-9- Attached oil to water-wet grains for synthetic seawater and its dilutions at 
100 °C 
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Figure 5.1-10- Attached oil to water-wet grains for syn. SW0S0Ca and its dilutions at 
100°C 

 

 

Figure 5.1-11- Attached oil to water-wet grains for syn. SW0S0Mg and its dilutions at 
100°C 
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Figure 5.1-12- Attached oil to water-wet grains for syn. SW0Ca0Mg and its dilutions at 
100°C 

 

 

Figure 5.1-13- Comparison of attached oil to water-wet grains for different brines at 
100°C  
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calcium and its dilutions, the greatest amount of attached oil was for non-diluted syn. 

seawater, zero sulphate and zero calcium. In the cases of synthetic seawater (zero 

sulphate, zero magnesium) and synthetic seawater (zero calcium, zero magnesium) and 

their dilutions, the biggest amount of attached oil were 100x dilution and non-diluted syn. 

seawater (zero calcium, zero magnesium), respectively. Considering the figures, it can 

be seen that there is no direct correlation between the amount of retained oil and water-

wet grains in the CBR system. These results can be confirmed from Zohal [19].  

  

Flotation Wettability Index 

Flotation wettability index (FWI) is a newly developed wetting index that determines the 

optimum wetting condition and it is used to express the degree of wettability detained by 

the chalk samples in the flotation technique [19]. The flotation wettability index is 

calculated using the following equation and it is based on the results of flotation technique: 

 

𝐹𝑊𝐼 =
(𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 − 𝑤𝑒𝑡 𝑔𝑟𝑎𝑖𝑛𝑠) − (𝑚𝑎𝑠𝑠 𝑜𝑓 𝑜𝑖𝑙 − 𝑤𝑒𝑡 𝑔𝑟𝑎𝑖𝑛𝑠)

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
 

Equation 5.1-1 

 

The value of the flotation wettability index varies between -1 (completely oil-wet condition) 

and +1 (completely water-wet condition) and zero indicates the neutral-wet condition. The 

FWI was calculated based on the data obtained from the flotation experiments with 

different brines and it is illustrated in figures 5.1-14, 5.1-15, 5.1-16, 5.1-17 and 5.1-18: 
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Figure 5.1-14- Flotation wetting index for Dan Chalk using synthetic seawater and its 
dilutions at 100°C 

 

 

Figure 5.1-15- Flotation wetting index for Dan Chalk using syn. SW0S0Ca and its 
dilutions at 100°C 
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Figure 5.1-16- Flotation wetting index for Dan Chalk using syn. SW0S0Mg and its 
dilutions at 100°C 

 

Figure 5.1-17- Flotation wetting index for Dan Chalk using syn. SW0Ca0Mg and its 
dilutions at 100°C 
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Figure 5.1-18- Comparison of flotation wetting index for Dan Chalk using different brines 
at 100°C 

 

According to a conclusion from the literature, Sohal [19], the maximum amount of oil 

recovery occurs for a wetting index ranging between 0 and 0.25 and further increase in 
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optimum wetting condition was reached by 20x dilution of synthetic seawater with FWI 
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0.18 and 0.11 after 20x diluted syn. seawater, have the highest values of wetting 

conditions, respectively.  
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5.2. Sea Water Filtration and Smart Water Production 

5.2.1. General Principles 
The characteristics of the fluid injected into reservoir play an important role in the 

wettability of the rock and ultimately in the amount of oil recovery. According to the thesis 

objectives, production of water with desired composition (Smart Water) and suitable for 

injection into the reservoir to improve the oil recovery is the main focus of this section. 

Regarding the results from the MFT experiments, the desirable composition of seawater 

is low salinity (low concentration of NaCl) while retaining divalent ions (sulphate, calcium 

and magnesium) that known as the determining ions to improve the wettability of rock. In 

order to achieve this purpose, membrane technology including nanotechnology (NF) and 

reverse osmosis (RO) membrane systems was performed.  

A set of filtration experiments using nanofiltration membrane (NF) was carried out at 

different pressures. The retentate flow from nanofiltration membrane was taken as the 

main constituent part of advanced water since it retains the divalent ions in its retentate 

flow. Another set of filtration experiments using reverse osmosis membranes (RO) was 

done in different pressures as well. The permeate flow from reverse osmosis membrane 

process with low TDS level was taken and mixed with the retentate flow from NF in order 

to reduce the salinity. Normal filtered seawater was used as feed for experiments in whole 

the process.  

 

5.2.2. Experiments Using Nanofiltration Membrane 

(NF) 
As previously mentioned, filtration experiments with nanofiltration process (NF) were 

done using Filmtec Flat Sheet membrane, NF270, PA-TFC through the dead-end process 

under varying the pressure (4, 6, 8, 10 and 12 bar). The nominal area of the membrane 

in all steps was 14.6 cm2. The detail of the results and calculated performance 

parameters are present as follow: 
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5.2.2.1. Rejection of Ions 
The rejection of individual ion was calculated using data from IC and ICP for each sample. 

Figure 5.2-1 shows the rejection of ions in different pressure using NF membrane: 

 

 

Figure 5.2-1- Rejection of ions using Nanofiltration membrane (NF270) in different 
pressures 

 

Looking at the graph, it can be seen that sulphate is at highest level of rejection and 

chloride is at the lowest level which means that almost 90% of the sulphate was retained 

behind the membrane and conversely, almost 80% of chloride passed through the 

membrane. This is the typical characteristics of nanofiltration membrane.  Due to the 

separation principles and mechanism of nanofiltration, the rejection of ions depends on 

the size of ions, molecular dimensions of hydrated ion in the water and salt coefficient 

diffusion. The small size and low hydration energy of Na+ and Cl- cause to pass sodium 

and chloride easily through the NF membrane. The big size of the sulphate and the 

repulsive force of the negatively charged NF membrane causes sulphate has the highest 

retention in the NF process. With respect to magnesium and calcium, they were retained 

due to their big size and also to satisfy the charge balance with rejected sulphate. By 
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comparing the rejection of magnesium and calcium on the graph, it is seen that the 

rejection of the calcium is less than magnesium even molecular size of the calcium is 

bigger than magnesium. This can be explained due to lower hydration energy of calcium 

compared to magnesium and higher affinity of calcium toward the negatively charged NF 

membrane.  

  

 

5.2.2.2. Flux 
The values of the flux were calculated based on the data obtained from experiments in 

each step under varying the operating pressure. The results are present in the figure 5.2-

2: 

 

 

Figure 5.2-2- Flux of nanofiltration process in different pressures 
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From the graph, can be observed that flux is almost linearly proportional to pressure and 

it is due to the typical characteristics of nanofiltration membrane. Any increase in pressure 

of the process increases the flux and the sensitivity of NF membrane to flux changes with 

pressure can be seen from the slope of the flux curve.  

5.2.2.3. Total Dissolved Solids (TDS) 
The total dissolved solids (TDS) of permeate and retentate flow in different pressures 

obtained from samples are shown in the figure 5.2-3: 

 

 

Figure 5.2-3- Total Dissolved Solids vs. pressure for nanofiltration process 
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increases when the operating pressure increases and it is due to the typical 

characteristics of membrane process.  
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5.2.3. Experiments Using Reverse Osmosis 

Membrane (RO) 
As previously mentioned, filtration experiments with reverse osmosis process (RO) were 

done using Filmtec Flat Sheet membrane, RO, XLE, PA-TFC through the dead-end 

process under varying the pressure (10, 15, 20, 25 and 30 bar). The nominal area of the 

membrane in all steps was 14.6 cm2. The results from filtration of seawater with reverse 

osmosis membrane were used to evaluate and analyze the options of smart water 

production. The detail of the results and calculated performance parameters are present 

as follow: 

 

5.2.3.1. Rejection of Ions 
The rejection of individual ion was calculated using data from IC and ICP for each sample. 

The rejection of ions in different pressure using RO membrane are shown in figure 5.2-4: 

 

 

Figure 5.2-4- Rejection of ions using Reverse Osmosis membrane (RO) in different 
pressures 
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From the results can be observed that the rejection of all ions (monovalent and divalent 

ions) is almost high and this trend increases with increasing the operating pressure. The 

highest rejection of ions occurred at maximum pressure (30 bar) which means that the 

reverse osmosis membrane gives desired results at high pressures due to the typical 

characteristics of RO membrane.  

 

5.2.3.2. Flux 
The values of the flux were calculated based on the data obtained from filtration 

experiments with the reverse osmosis membrane in each step under varying the 

operating pressure. The results are shown in the figure 5.2-5: 

 

 

Figure 5.2-5- Flux of reverse osmosis process in different pressures 
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the values of flux are extremely low and it is not possible to measure it at low pressure. 

This is the typical characteristics of reverse osmosis membrane.  

 

5.2.3.3. Total Dissolved Solids (TDS) 
The total dissolved Solids (TDS) of permeate and retentate flow in different pressures 

obtained from samples of RO membrane experiments are shown in the figure 5.2-6: 

 

 

Figure 5.2-6- Total Dissolved Solids vs. pressure for reverse osmosis process 
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solid and flux with increasing pressure were obtained. Highest value of rejection was for 

sulphate followed by magnesium, calcium, sodium and chloride, respectively. However, 

the slope of flux is lesser compared to the literature which indicates that with increasing 

in the pressure of the process, flux increases lesser and it is because of the difference in 

the type of processes (dead-end and cross-flow). 
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5.2.4. Nanofiltration Membrane vs. Reverse 

Osmosis Membrane 
The filtration experiments using nanofiltration (NF) and reverse osmosis (RO) membranes 

were done and the results for each membrane were separately analyzed. In this section, 

a comparative analysis of the results between the two membranes is explained in order 

to have a general overview of the two methods of filtration and a deeper understanding 

of their mechanism for combining them as an option for smart water production.  

 

5.2.4.1. Ion Rejection in NF vs. RO 
Figure 5.2-7 shows the comparison of ion rejection of nanofiltration and reverse osmosis 

membranes:  

 

 

Figure 5.2-7- Comparison of ion rejection between nanofiltration (NF) and reverse 
osmosis (RO) membranes 
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With respect to the graph, it can be seen that the ions rejection of RO membrane is much 

higher than NF membrane (mainly monovalent ions), so that almost all the solutes are 

rejected and only solvent (water) and some of the solutes permeate through the 

membrane. This feature of RO membrane causes the low TDS level in the permeate and 

suitable for combination with retentate of NF as an option for smart water production. 

However, the NF membrane rejects only the divalent ions in high level.  

 

5.2.4.2. Flux of NF vs. RO 
A comparative graph of NF and RO flux at different pressures is shown in figure 5.2-8: 

 

 

Figure 5.2-8- Comparison of flux between nanofiltration (NF) and reverse osmosis (RO) 
membranes 

 

 

By comparing the NF and RO flux curve can be observed that high flux at low operating 

pressure can be achieved by NF membrane while it is possible for RO membrane at much 

0

10

20

30

40

50

60

70

80

0 5 10 15 20 25 30 35

Fl
u

x 
(l

/m
2

-h
r)

Pressure (Bar)

RO Flux NF Flux



91 
 

higher pressure. This feature makes RO membrane less economical. The steep slope of 

NF membrane indicates the with a slight increase in the pressure (2 bar), the flux can be 

greatly increased whereas due to the RO flux curve, the slope of the curve is much less 

than the slope of the NF flux curve. It means that with a large increase in pressure, the 

flux doesn’t change significantly.  

 

5.2.4.3. Total Dissolved Solids (TDS) in NF vs. RO 
Figure 5.2-9 shows a comparative graph of TDS in permeate flow of NF and RO 

membranes as a function of pressure: 

 

 

Figure 5.2-9- Comparison of TDS between nanofiltration (NF) and reverse osmosis 
(RO) membranes 
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5.2.5. Smart Water Production 
As previously discussed, the favorable characteristics of water injecting into the carbonate 

reservoir are low salinity (low concentration of monovalent ions) and high concentration 

of divalent ions which leads to improvement of the wettability of rock system resulting to 

more oil recovery. As an option to produce smart water using nanofiltration and reverse 

osmosis membranes, the retentate flow from NF membrane containing the main 

constituents of smart water (sulphate, calcium and magnesium) was combined with the 

permeate flow from RO membrane (at a ratio of one to six) in order to reduce the TDS of 

the retentate to a target of 10000 ppm or less while retaining the divalent ions in the smart 

water [13]. The process of the smart water production using membrane technology is 

schematically shown in figure 5.2-10: 

 

 

Figure 5.2-10- A schematic of smart water production using nanofiltration (NF) and 
reverse osmosis (RO) membranes (at one to six ratio) 
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The ionic composition (major ions) and other important characteristic of the smart water 

are shown in the following table: 

 

Table 5.2-1- Characteristics of smart water produced from membrane technology 

Characteristics of Smart Water 

Ions Concentration (mg/l) 

Chloride (𝐶𝑙−) 3210,643 

Sulphate (𝑆𝑂4
2−) 544,557 

Sodium (𝑁𝑎+) 3076,643 

Magnesium (𝑀𝑔2+) 289,286 

Calcium (𝐶𝑎2+) 122,440 

Other Characteristics of Filtered Seawater 

pH 7.50 

TDS (mg/l) 7243 

Conductivity (mS/cm) 11.40 
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5.3. Flotation Technique Using Smart Water 
A set of MFT experiments were carried out using smart water (produced by nanofiltration 

and reverse osmosis technique) and real seawater as the brine (s.l.)s in order to 

investigate how these brines alter the wettability of the chalk. The results of the chalk 

wettability alteration upon interaction with smart water and seawater at 100 °C are shown 

in figure 5.3-1:  

 

 

Figure 5.3-1- Wettability alteration of Dan Chalk using seawater and smart water at 100 
°C 

 

Due to the results from flotation experiments shown in the figure 5.1-28, the smart water 

wetted the chalk ca. 86.30% while the normal seawater wetted the chalk ca. 61.52%. This 

result was expected due to last studies and the results from the first series of flotation 

experiments in this project as well. According to the main mechanism of wettability 

alteration of rock, the wettability condition can be altered by adjusting the ion composition 

of the water (fluid) injected into the reservoir resulting to displace oil more easily from the 

porous network and eventually more oil recovery.  
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6.1. Suggested Scenarios for Smart Water Production 

and Economic Analysis 
Considering the waterflooding method as a cost-effective method for enhanced oil 

recovery (EOR), huge quantities of water with desired composition and quality is required 

in order to increase the amount of oil production. As previously explained, membrane 

technology can be considered as a suitable method for producing smart water with the 

desired composition and quality. However, it is necessary to investigate the proposed 

method economically and technically. For this purpose, the following two scenarios were 

studied for choosing the optimal method of smart water production. The scenarios were 

simulated using IMSDesign (Hydranautics, Integrated Membrane Solutions Design) 

designed by Nitto Group Company [84] at six ratio of NF/RO combinations (1:3, 1:4, 1:5, 

1:6, 1:7 and 1:8) to evaluate and estimate energy consumption of the membranes process 

trains. 110 m3/h was assumed as the amount of the smart water used for injection into 

reservoir produced by each scenario [86]. 

 

 

 

 

 

 

 

 

 

 

 



97 
 

6.1.1. Scenario 1 
In this scenario, the retentate flow (contains divalent ions and high salinity) from the 

nanofiltration process is combined with the permeate flow coming out from the reverse 

osmosis process in order to lower the salinity. The process of the suggested scenario is 

schematically shown in figure 6.1-1: 

 

 

Figure 6.1-1- Combination of nanofiltration and reverse osmosis process to produce 
smart water at one to six ratio (Scenario 1) 
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6.1.2. Scenario 2 
In this scenario, the permeate flow from nanofiltration passes through reverse osmosis 

membrane and the permeate flow exiting from RO membrane is then combined with a 

portion of the retentate flow from NF process. The schematic of the whole process is 

shown below: 

 

 

Figure 6.1-2- Proposed train for smart water production using NF and RO at one to six 
ratio (Scenario 2) 
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Having run the simulation, the optimal scenario was chosen based on the evaluation of 

energy consumption of each train. The results are present in figure 6.1-3: 

 

 

Figure 6.1-3- Energy Consumption by different processes of smart water production in 
different ratio 

 

Due to the values of energy consumption for both scenarios, the energy required to 
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combinations. On the other hand, considering 1:6 ratio of NF/RO combination, in order to 

have 110 m3/h of smart water output from the first scenario, 198 m3/h feed (filtered 

seawater) is required while for the second scenario 264 m3/h feed required. Considering 

this parameter and analysis, it can be concluded that production of smart water with 

desirable composition using scenario 1 is the economical option compared to the scenario 
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According to previous studies, [13], [75], there are other dilution options for smart water 

production in order to overcome high salinity of retentate flow from NF membrane such 

as combination of NF retentate with fresh water or with Multi-flash distillation (MSFD). 

The space and weight constraints on offshore, which are considered as major parameters 

in facility design and evaluation of processes, as well as the special conditions on offshore 

and staying away from land, make the above-mentioned options non-economic options. 

Technical and economic evaluation of smart water production using NF and RO 

membrane proved that the membrane technology can be considered as an effective and 

economic technique in enhanced oil recovery compared to other advanced desalination 

methods. In addition, the performing this technology doesn’t require the use of chemicals 

and therefore it virtually makes the process as and acceptable process for the 

environment.   
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7. CHAPTER 7 
(Conclusions) 
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As the first objective of the thesis, the wettability alteration of rock in the carbonate 

reservoir after waterflooding process was investigated. Several sets of laboratory 

experiments were carried out using modified flotation technique (MFT) in order to study 

how changes in various parameters in CBR system can alert the wetting condition of the 

rock in the reservoir and ultimately affect the amount of oil recovery during EOR process.  

The two main components of the system, including oil and rock (Dan Chalk) samples, 

taken from the same field in the North Sea, were kept constant and the ionic composition 

of the injected fluid (brine) was varied at a temperature of 100 °C. Different composition 

of seawater and their dilutions were synthetically prepared by varying the presence of 

divalent ions in the chemical composition of the seawater. The ionic strength, TDS, ionic 

composition and pH were measured and calculated in each step in order to perform a 

detailed analysis of the effect of the parameters on the wettability alteration of the chalk. 

As the next objective of the thesis, production of smart water with desired composition 

(low salinity and high concentration of divalent ions) suitable for injection into reservoir, 

using membrane technology, was aimed. For this purpose, two sets of laboratory 

experiments using nanofiltration (NF) and reverse osmosis (RO) membranes under 

varying the operating pressure were carried out. Using this method, it was possible to 

separate the ions present in seawater and produce smart water with desired composition 

by combination of retentate flow from NF membrane with permeate flow from RO 

membrane. The performance of the membranes was separately measured and calculated 

in order to analyze and compare the efficiency of the membranes for ion separation.  

As the last objective of the thesis, the produced smart water from membrane process was 

tested by carrying out a set of flotation experiment. This part of the experiments was 

aimed to investigate the ability of the produced smart water with low salinity while retaining 

the divalent ions to alert the wettability condition of the chalk.  

After summarizing the results and observations of all experiments, the conclusions of the 

current study can be stated as follow: 

• Highest average water-wet percentage of chalk was achieved by 20 times diluted 

synthetic sea water among all the synthetic brines at 100 °C (approximately 

60.67%); 
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• Removing any of divalent ions (𝐶𝑎2+, 𝑀𝑔2+, 𝑆𝑂4
2−) from synthetic seawater recipe 

decreases the average water-wet percentage of chalk significantly (approximately 

10%); 

• A slight increase in the wettability of chalk by using the dilutions of brines was 

observed that is due to the reduction in the salinity of the brine; 

• pH plays a significant role in the wettability alteration of the chalk whereas the 

variation in the TDS values plays lesser role in the wetting condition of the chalk; 

• The highest water wetness occurred using a brine with an ionic strength of 0.033 

mol/l and a salinity od 1.93 g/l; 

• Considering amount of oil attached to the water-wet grains, it was not observed 

any correlation between the amount of attached oil and water-wet grains in the 

CBR system. However, the oil fraction (oil coating) was considered as the direct 

adsorption of the oil on the chalk particles; 

• The calculated values of flotation wetting index (FWI) provides an easy and 

general overview of wettability alteration potential using different brines; 

• In order to get trustworthy and consistent results during the modified flotation 

technique, it is essential that the experiments be performed with high precision and 

reliability of results can be shown by calculation of data standard deviation;  

• The use of membrane technology can be considered as an optimal option to 

produce smart water with favorable composition from seawater; 

• High retention of divalent ions (𝐶𝑎2+ : 25-35%, 𝑀𝑔2+ : 55-65%, 𝑆𝑂4
2− : 85-90%) by 

nanofiltration (NF) membrane makes its retentate flow as main constituent of smart 

water; 

• High rejection of salts by reverse osmosis (RO) membrane makes its permeate 

flow as a desirable option to reduce the salinity of the seawater; 

• Production of smart water by NF and RO membranes does not need to use 

chemical that makes the process environmentally friendly. On the other hand, it 

requires lower investment, lower operating and maintenance cost compared to the 

other techniques;   
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• Having done MFT experiment using produced smart water from NF and RO 

membranes, the average water-wet percentage of chalk increased approximately 

25% compared to seawater; 

In order to analyze the process of smart water production using NF and RO membrane 

economically, two scenarios were simulated and evaluated in terms of energy 

consumption. For a given output of 110 m3 smart water, the first scenario with energy 

consumption of 4,67 (kwh/m3) was considered as the optimal process for production 

of smart water.  

 

 

7.1. Future Work 
Due to the time limitation of project, as well as since the MFT experiment is a time-

consuming process, study and analysis other parameters that affect wettability of rock 

requires time and they were no cover in this study. For example, effect of temperature on 

the wettability or effect of oil with different characteristics would be interesting to 

investigate by doing flotation experiment.  

It could be interesting to consider and introduce new ions such as zinc cation and 

phosphate anion (careful attention to avoid precipitation) in the smart water composition 

and investigate that in what extent it can influence the wettability of rock in the reservoir. 

Considering the production of smart water using membrane technology, future research 

can consider the potential of nanofiltration membrane in produced water treatment train. 

As it can be seen from figure 7.1-1, nanofiltration process can be located after tertiary 

stage in the train where the flow is almost oil-free and it needs to be softened.  
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Figure 7.1-1- A schematic of topside processes [87] 
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9. Appendix 
9.1. Data Entry Table for Flotation Experiment 
 

 

 

 

 

 

Parameters Amount Unite

Empty Test Tube Weight g

Sample Name

Sample Mass g

Brine Used

Grain Size µm

Brine Volume ml

Oil Volume ml

Test Temperature °C

pH of Decanted Brine

Start Brine Aging

End Brine Aging

Total Brine Aging Time hrs

Start Oil Aging

End Oil Aging

Total Oil Aging Time hrs

Start Oil/Brine/Grain Aging

End OilBrine/Grain Aging

Total Mixture Aging Time hrs

Test Tube Weight with dry grains g

Weight of Oil-wet Grains g

Weight of Water-wet Grains g

Percentage of Oil-wet Grains %

Percentage of Water-wet Grains %

Test Tube (--)
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9.2. Ions Analysis Results (IC and ICP Machines) 
 

 

Figure 9.2-1- Anions present in permeate flow of nanofiltration under pressure of 12 bar 
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Figure 9.2-2- Anions present in retentate flow of nanofiltration under pressure of 12 bar 
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Figure 9.2-3- Cations present in retentate flow of nanofiltration under pressure of 10 bar 
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Figure 9.2-4- Cations present in permeate flow of nanofiltration under pressure of 10 bar 

 


