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ABSTRACT 

Relative permeability, capillary pressure and interfacial tension between oil and brine are key 

parameters for simulation and computation in petroleum practice. Formation waters from oil 

fields show distinct evidence of ionic species that have special thermodynamic properties. These 

ions are notably nitrates, phosphate and acetate. 

The acetate ion occurs in significant amounts in produced water yet published works so far 

involving interfacial tension measurement hardly report acetate ion concentration in synthetic 

brines. Due to its high polarizability and amphiphilic nature the acetate ion has been involved in 

synthetic brine for interfacial tension measurement between oil and brine under a reservoir 

condition in this project. Different concentrations of sodium acetate were added both into brine 

and seawater and oil/brine as well as oil/seawater interfacial between was measured. This project 

also measured the oil brine interfacial tension in the presence of same concentrations of 

traditional surfactant for the purpose of comparison. The results in this study show that the 

increase in the concentration of acetate ion in brine causes the increase in oil brine interfacial 

tension. Also, using the equivalent sodium chloride concentration and including acetate ion 

concentrations typically found in oil field waters will result in significant reduction in interfacial 

tension. This reduction is quite significant and should caution the petroleum industry regarding 

the use of synthetic brines with appropriate acetate ion concentration.   
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1. Introduction and Motivation 

1.1 Introduction 

Capillary pressure and relative permeability data are two fundamental petrophysical parameters 

that control the flow of multiphase fluids in the porous medium. Capillary pressure is the 

difference in pressure between the non-wetting and the wetting phase fluid (Brown, 1951) while 

relative permeability measures the relative ability of each phase to flow at a given phase pressure 

(Abaci, Edwards, & Whittaker, 1992). Therefore by inputting capillary pressure and relative 

permeability data a simulation will predict fluid saturation and pressure into the future. This 

information is essential for forecasting reservoir production and revenue generation into the 

future. 

In the petroleum industry, the traditional approaches to measuring relative permeability and 

capillary pressure involve preparation of synthetic brine where formation water samples are not 

available. In addition, the laboratory approach also adopts a simplified approach to preparing 

experimental brine by using the equivalent sodium chloride concept (Desai & Moore, Equivelent 

NaCl Determination From Ionic Concentrations, 1969). This concept considers total dissolved 

solute of formation brine and then uses the equivalent amount of sodium chloride for brine 

preparation.  

Formation brine consists of a host of ions but under normal geologic conditions of temperature 

and pressure where hydrocarbon fluids are formed in the sedimentary basin the dominant salt is 

sodium chloride (Connolly, Walter, Baadsgaard, & Longstaffe, 1990). Among the ions formed in 

formation waters, some have distinct characteristics. For example the sulphate, the acetate and 

the nitrate ions have high polarizability while the bicarbonate ion is basic in nature. The 

conventional approach to preparing brines for reservoir engineering studies normally prepares 

brine that contains sodium, calcium, chloride, nitrate, magnesium and some common ions. 

In the sedimentary basin the acetate anion or the carboxylate ion occurs in formation water and a 

number of studies have reported its occurrences in significant amount (Ray & Engelhardt, 

Produced Water: Technological/Environmental Issues and Solutions, 1992). The origin of this 

ion is related to the presence of polar components of crude oil which are the carboxylic acids 
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(Giordano & Kharaka, 1994). Under reservoir conditions, some of the carboxylate ions will 

dissolve in formation water to produce the acetate anion which exhibits amphiphilic behaviour in 

addition to its high polarizability.  

It is the view of this project works that in view of the high polarizability of the acetate anion in 

addition to its amphiphilic nature it can affect interfacial tension between crude oil and formation 

water. This is quite in agreement with the molecular theory of interfacial tension which 

anticipates dispersion and polar contribution to interfacial tension between two immiscible 

fluids. In this regard the polarizability of the acetate ions as well as its amphiphilic nature is 

likely to modify the intermolecular interactions at the oil water interface which can affect 

interfacial tension. 

In published works so far regarding interfacial tension measurement between oil and water, there 

is hardly report of brine containing the acetate anions. What is more, in view of the 

environmental regulations banning the dumping of produced water into the ocean or onshore 

environments, some companies use produced water for water injection aimed at increasing oil 

recovery (Hjelmas, Bakke, Hilde, & Aquateam, 1996). Going strictly according to the traditional 

methods of preparing synthetic brine, it is likely that companies using produced water reinjection 

hardly consider the need to prepare brine with the acetate anion meant for interfacial tension, 

capillary pressure and relative permeability measurement. These data are essential for simulation 

works and reservoir engineering calculations. In order to investigate the likely effect of the 

acetate anion on oil and water interfacial tension due to its specific polarizability and amphiphilic 

nature, this project will measure interfacial tension between oil and brine containing the acetate 

anion. The motivation is to generate interfacial tension data at reservoir condition (60ºC) using 

brine that will provide opportunities for a wide range of intermolecular interactions at the 

interface between oil and water. This data is expected to be beneficial for produced water 

reinjection planning. 
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1.2 Motivation 

1.2.1 Previous Work 

This project was motivated by the previous work done by Chatterjee & Chattoraj (1968) who 

investigated the absorption of the short chain monocarboxylic acid and their anions at the oil and 

water interface by measuring oil water interfacial tensions at different acid concentrations. They 

used n-Butyric acid, n-Valeric acid and n-Caproic acid in their experiment. They found that 

because of the low adsorption energies, the ionized forms (R
-
) of the acids are not able to 

significantly affect the interfacial tension of benzene/water system and the un-ionized form (RH) 

is considered to be the only surface activity species which is able to lower the interfacial tension. 

1.2.2 Thermodynamic Motivation 

Normal basinal brine in the sedimentary basins have predominantly sodium and calcium chloride 

ions in addition to other ions like sulphate, nitrate, bicarbonate and acetate ions. Studies of the 

air-water interface using spectroscopy shows that the surface composition of the system is 

enhanced by the presence of anion (Levin, Santos, & Diehl, Ions at the Air-Water Interface: An 

End to a Hundred-Year-Old Mystery?, 2009). Normally, anions like nitrates, sulphate and acetate 

have surface affinity because of their polarizability. According to Gibbs excess surface tension 

equation, the surface excess induces by their presence will cause changes in surface tension of 

water for air-water system (Vrbka, et al., 2004). In the reservoir, the air-water system is replaced 

by water-oil system. The addition of the salt into water will change the interfacial tension 

between oil and water.  

1.3 Objective 

In this project, the principle objective is to investigate the interfacial tension between oil and 

brine for different concentrations of sodium acetate in order to determine its effect on interfacial 

tension. Interfacial tension measurements also will be conducted in oil and seawater system for 

the same concentration of sodium acetate in seawater. For the purpose of comparison, oil/brine 

interfacial tension will also be measured for the same concentration of traditional surfactant in 

brine. 
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2. Literature Review 

2.1 Interfacial Tension 

2.1.1 Amphiphilic Molecules  

Some molecules are composed of two parts: one part has the affinity for nonpolar substance 

while the other part has the tendency to adhere to polar media, such as formic acid and acetic 

acid. These types of molecules are “amphiphilic or amphipathic” (Schramm, 2   ). This kind of 

molecules forms monolayers at surfaces. They have the tendency to move to solution surface and 

can reduce the surface or interfacial tension of the medium. This characteristic is defined as 

surface activity. Surfactant molecules, which are amphiphilic, are those that are capable of 

aggregating to form micelles which are the organized aggregation of large numbers of molecules 

(Schramm, Surfactants: Fundementals and Applications in the Petroleum Industry, 2000). 

Many different kinds of surfactants and their mechanism of decreasing the surface tension have 

been studied by previous scholars. Perkins (1998) said that the molecule of a surfactant should 

contain two distinctly different parts: a polar “head” and a non-polar “tail” (Figure 2-1). 

 

Figure 2-1 Simplified structure of surfactant (Perkins, 1998) 

 

Water molecules are polar because of their molecular structure. Thus, the non-polar “tail” of a 

surfactant molecule is hydrophobic while the polar “head” is hydrophilic. Perkins ( 998) stated 

that the hydrophobic part of a surfactant in use is a hydrocarbon chain with a proper length most 

of the time. Because of the amphipathic characteristic of a surfactant molecule the most suitable 

place for them in water is at the surface where attraction and repulsion forces can be balanced. 

Another way for surfactant molecules to satisfy both attraction and repulsive forces is to form 

micelles which are the molecule aggregation of surfactant. (Perkins, 1998). When surfactants are 

in a low concentration in aqueous solution, they behave as normal electrolytes whereas in high 

concentration, micelles form. The value of this concentration is termed as critical micelle 
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concentration (CMC) (Schramm, Surfactants: Fundementals and Applications in the Petroleum 

Industry, 2000). The internal part of a micelle consists of a hydrophobic part of surfactant 

molecules whereas their hydrophilic parts outside of the micelle sounded by water. Above the 

CMC value, the physical-chemical properties change dramatically. As shown in Figure 2-2, the 

physical-chemical properties change in a narrow part of concentration. (Prestion, 1948) 

 

Figure2-2 Illustration of the dramatic changes in physical properties that occur beyond the 

critical micelle concentration. (Prestion, 1948) 

 

According to Rosen (1988), surfactants are divided into four different types depending on the 

nature of their hydrophilic group. 

 Anionic. The surface-active portion of the molecule bears a negative charge, for example, 

RCOO
-
Na

+
 (soap). RC6H4SO

-
3Na

+
 (alkylbenzene sulfonate) 

 Cationic. The surface-active portion bears a positive charge, for example, RNH+3Cl- 

(salt of a long-chain amine), RN(CH3)
+

3Cl
_
 (quaternary ammonium chloride). 

 Zwitterionic. Both positive and negative charges may be present in the surface-active 

portion, for example, RNH2CH2COO-(long-chain amino acid), RN (CH3)2CH2SO-3 

(sulfobetaine).  
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 Nonionic. The surface-active portion hears no apparent ionic charge, for example, 

RCOOCH2CHOHCH2OH (monoglyceride of long-chain fatty acid), RC6H4 (OC2H4)xOH 

(polyoxyethylenated alkylphenol). 

When the surfactant molecules adhere to the surface of the aqueous medium they have the 

tendency to expand the surface area of the bulk as shown in Figure 2-3. This expansion force 

will act against the contraction tension on the surface and this contributes to the reduction of 

surface tension. This can be expressed as the following equation (Shaw D. , 1992): 

                                                                                    (2-1) 

Where,   and   are initial and new surface tension respectively (mN/m); 

               is the expanding tension (or surface tension) (mN/m) of an adsorbed layer of 

surfactant. 

 

 

Figure 2-3 Schematic representation of surfactant molecules at surface and surfactant 

micelle in bulk liquid. (From “Textile Coloration and Finishing,” Carolina Academic Press, 

Durham, N.C) 

 

2.1.2 Molecular Origin of Surface and Interfacial Tension 

The tension in surface layers of a liquid is caused by the intermolecular interactions from the 

bulk liquid. These intermolecular interactions include van der Waals forces, hydrogen bonding 
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and other types of forces such as metallic bonds. Among these forces, van der Waals forces can 

be divided into three categories: Keesom force (force between two permanent dipoles), Debye 

force (force between a permanent dipole and a corresponding induced dipole) and London 

dispersion force (force between two instantaneously induced dipoles). These intermolecular 

forces pull the surface layers into bulk liquid thus cause the increase in the distance among 

surface layers. This increased distance then results in an increase in a two-dimensional tension 

on surface layers which is recognized as surface tension (γ). It can be seen that surface tension is 

the contracting force on the surface from interior of the liquid. The tension in surface layers is 

the sum of attraction forces on the surface molecules (Fowkes, 1963).  

Fowkes, again, in the year of 1972, proposed that this sum attraction resulting from different 

types of intermolecular forces can be presented as Equation (2-2):   

                       ,                                                 (2-2) 

Where,  = surface tension of a liquid,  

 Index,   d=dispersion,  

               i=induced dipole-dipole,  

               p=dipole-dipole, 

               h=hydrogen bonding,  

               π=π bonding, 

               e= electrostatic,  

               ad=acceptor-donor interactions. 

For these intermolecular forces, they can be divided into dispersion components and 

nondispersion components. Further, Equation (2-2) was simplified as  

         ,                                                                                              (2-3) 

Where,   and     are the dispersion and nondispersion components of surface tension, 

respectively. 
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In hydrocarbons, the intermolecular forces are only the dispersion forces because of their 

nonpolar characteristics while in polar or metallic liquids, there are not only dispersion forces but 

hydrogen bonds, dipole interactions and metallic bonds as well. (Fowkes, 1963) 

When two immiscible liquid phases are in contact with each other, the adjacent interface layers 

in two different liquids suffer from different “force fields” as their bulk phase.  These two layers 

also have “different intermolecular distances, different pressures, and different chemical 

potentials from the bulk, and might well be considered as separate phases” (Fowkes, 1963). For 

this reason, at the interface of two different liquids, the interfacial tension should be defined as 

the sum of the tensions in two different distinct monolayers each of which has a pressure 

different from their bulk phase. Physically, the surface or interfacial tension (γ) is the sum of 

contracting forces which act parallel to the surface or interface. For this reason, the unit of γ is 

force per unit area. When the surface or interfacial tension is seen as the force that is against the 

energy required for the expansion of surface, the surface tension can also be expressed as energy 

per unit area (Schramm, Surfactants: Fundementals and Applications in the Petroleum Industry, 

2000). 

Figure 2-4 is a simple diagram showing the tensions that each monolayer has experienced. In 

this diagram, only the intermolecular tensions are showed as an example. 

 

Figure 2-4 Diagram of the monolayers at a liquid-liquid interface in which the tension 

resides (Fowkes, 1963) 
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The measured interfacial tension is the sum of tensions both adjacent monolayers have 

experienced. For liquid 1, the attraction from the bulk has caused the tension in the interfacial 

monolayer which is γ1, whereas this tension causes an opposed attraction force from liquid 2. 

This opposed force is proposed to be the geometric mean of the interacting tension contributions 

of the two liquids which are dispersion tensions   
  and   

 in this case. Then the tension term 

results from liquid 2 on the liquid 1 can be written as√  
   

 . Thus, the sum of tensions that 

liquid 1 experienced is   √  
   

 , while it is    √  
   

  in the monolayer of liquid 2.  

Therefore, the sum of tensions in the interfacial of liquid 1 and 2 (γ12) is (Fowkes, 1963) 

           √  
   

                                                         (2-4) 

When considering both dispersion tensions and nondispersion tensions between two adjacent 

dissimilar phases, Equation (2-4) can be extended as (Janczuk, Wojcik, & Zdziennicka, 1993) 

           √  
   

   √  
   

                                                  (2-5) 

It has been proposed that in the liquids whose surface tensions are caused only by van der Waals 

are called hydrophobic while other liquids are hydrophilic (polar) (van Oss, Good, & Chaudhury, 

1987) 

2.1.3 Effects of Interfacial tension (surfactants) on oil recovery 

It is common for oil to remain in the fracture of reservoirs after the waterfooding process 

(Hirasaki & Zhang, 2004). The saturation of oil remaining in the reservoir may influenced by 

either the quality of sweep or the wettability of reservoir rocks, or both. (Wardlaw, 1996) When 

an oil drop in water is in contact with a reservoir solid surface, it may spread to form a film on 

the surface or form a bead. This affinity is defined as wettability. The contact angle θ, formed at 

the junction of three phases, is the parameter used to characterizing the wettability. (As shown in 

Figure 2-5) (Schramm, Surfactants: Fundementals and Applications in the Petroleum Industry, 

2000). 
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Figure2-5 Illustration of spreading beading and the contact angle in a solid/liquid/liquid 

system. (Shaw D. J., 1992) 

 

In oil-water reservoirs, it is capillary forces that trap remaining oil in the reservoir and oil exists 

as discontinuous phase following a water flooding. Capillary pressure, Pc, in a pore can be 

expressed as the following equation (Schramm, Surfactants: Fundementals and Applications in 

the Petroleum Industry, 2000). 

                                                                                  (2-6) 

Where,   is interfacial tension (mN/m); 

               is contact angle;  

             R is the pore radius which is at the h height of free water surface (m). 

From this equation, it can be seen that the capillary force can be reduced by the reduction of 

interfacial tension. Thus the trapped oil may be able to be produced from pores (Schramm, 

Surfactants: Fundementals and Applications in the Petroleum Industry, 2000). 

The hydrostatic balance of oil drop in water can be written as the following equation when 

interfacial tensions are used to represent the interfacial forces (Schramm, Surfactants: 

Fundementals and Applications in the Petroleum Industry, 2000):  

                                                                             (2-7) 

Where, the subscripts W, O, S refer to water, oil and solid respectively (Figure 2-6). 
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Figure 2-6 Hydrostatic equilibrium fluid phases in contact with a solid phase (Melrose & 

Brandner, 1974) 

 

In oil-wet reservoirs, a relatively large amount of oil is attached to the rock surface. In this case, 

surface trapping is more significant when the rocks are irregular and have large surface areas 

(Figure 2-7). There will be a higher oil transition zone and the upward oil flow path would be 

interrupted by fractures (Figure2-8) (Hirasaki & Zhang, 2004). It has been proved that 

surfactants, such as alkoxylated nonylphenol resins, are able to alter the oil-wet rock to water-

wet, thus to enhance oil recovery. These kinds of surfactants are called thin film spreading agents 

(TFSA) (Downs & Hoover, 1989). 
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Figure 2-7 Oil is trapped by surface trapping in oil-wet and small pores of oil-wet systems. 

(Hirasaki & Zhang, 2004) 

 

Figure 2-8 The height of the retained oil in oil-wet matrix pores is a function of the pore 

radius, IFT and contact angle. (Hirasaki & Zhang, 2004) 

 

In enhanced oil recovery, the saturation of residual oil is related to what is termed as capillary 

number (Nc) which is the ratio of viscous forces to capillary forces. It can be written as: 

(Schramm, Surfactants: Fundementals and Applications in the Petroleum Industry, 2000) 

                                                                              (2-8) 

Where,   is the viscosity of displacing fluid; 
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               is effective flow rate; 

                is interfacial tension; 

                is the porosity 

After taking into consideration of rock wettability, Nc can be written as (Schramm, Surfactants: 

Fundementals and Applications in the Petroleum Industry, 2000) 

                                                                            (2-9) 

The relation between capillary number and saturation of residual oil can be expressed in the 

Figure 2-9. 

It can be seen that in order to recover the residual oil, capillary number should be much higher 

than  Ncri, which can be achieved by reducing interfacial tension.  

 

Figure2-9 Correlation between residual oil saturation reduction and the capillary number 

(Schramm, 1992) 

 

 

 

 

Ncri 
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2.2 Carboxylic Acid and the Carboxylate Ion 

2.2.1 Definition and structure of Carboxylic Acid 

Carboxylic acids and their derivatives are defined to be the hydrocarbon derivatives that contain 

at least one carboxyl (COOH) moiety (Ege S. N., 1994). The structure of carboxylic acid can be 

briefly illustrated by Figure 2-10. 

 

 

Figure 2-10 Structure of carboxylic acid (Deruiter, 2005) 

 

2.2.2 Physical and Thermodynamic Property of Carboxylic Acid 

2.2.2.1 Polarity and Amphiphilic Nature of Carboxylic Acid Moiety 

Because of the strongly polarized groups, carbonyl (C=O) and hydroxyl (O-H) group, the 

carboxylic acid moiety is a highly polarized organic functional group. Because of the 

electronegativity of oxygen atom, a strong permanent dipole will be created when it is bonded to 

a carbon or hydrogen. The O-H group in the carboxylic acid is more strongly polarized than that 

in alcohols because of the presence of the adjacent carbonyl moiety (C=O) (Figure 2-11) 

(Deruiter, 2005). 

 

Figure 2-11   The Dipolar Nature of Carboxylic Acids (Deruiter, 2005) 
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It has been known that an amphiphilic molecule shows both polar and nonpolar affinity. Salager 

(2002) said that a typical amphiphilic molecule consists of two parts: a polar group and an apolar 

group. Polar group contains “heteroatoms such as  , S, P, or N”, which are included in the 

functional groups while a basic apolar group is a hydrocarbon chain of the alkyl or alkylbenzene 

type which has the nonpolar structure. From this point of view, carboxylic acid is amphiphilic 

with its polar carboxyl (COOH) moiety and its apolar hydrocarbon chain (-R). Because of the 

existence of the polar carboxyl (COOH) moiety, carboxylic acid is able to dissolve in polar 

solvents, such as water. On the other hand, due to its hydrocarbon chain, it has the tendency to 

move to the surface of water. Usually, monocarboxylic acids and dicarboxylic acids of low 

molecular weight are soluble in water while the solubility of carboxylic acid decreases when the 

number of carbon in hydrocarbon for each carboxyl group is more than five (Ege S. N., 1994). 

2.2.2.2 Resonance Stabilization of Carboxylic Acid  

In the carboxyl group of carboxylic acids, there are both carbonyl group and hydroxyl group. 

Because of the existence of carbonyl group conjugated to hydroxyl group, the properties of 

hydroxyl group in the carboxylic acids are not like that in an alcohol. Carbonyl group is able to 

drain the electrons away from the oxygen atom of the hydroxyl group thus increase the positive 

charge of the hydrogen and make carboxylic anion more stable. Figure 2-12 below shows the 

interaction between the carbonyl group and the hydroxyl group (Ege S. N., 1994)  

 

Figure 2-12a Resonance Contributors for a Carbonyl Group (Ege S. N., 1994) 

 

Figure 2-12b Resonance contributors for a carboxyl group (Ege S. N., 1994) 
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Because of this resonance contribution, the hydroxyl group in carboxylic acids is more likely to 

lose the hydrogen atom as a proton than that in an alcohol. (Ege S. N., 1994) 

Unlike the carbonyl group of an aldehyde or a ketone, the functional group of carboxylic acids is 

more stabilized by resonance. The positive charge of carbon in carboxyl group delocalize to the 

oxygen atom of the carbonyl group. This is because of the resonance contributor of the carbonyl 

group where the carbon atom has an open shell and octets of electrons around it. Thus the 

functional group in carboxylic acids are more stable than the carbonyl group in an aldehyde or 

ketone and is, less active (Ege S. N., 1994).  

2.2.2.3 The Acidity of Carboxylic Acids 

Because of the existence of both the carbonyl group and the hydroxyl group, they will interact 

with each other and thus affect the properties of both in the carboxylic acid. A simple experiment 

has shown that the carboxylic acids are stronger than alcohols because hydroxyl group is 

connected with a sp
3
-hybridized carbon atom whereas in carboxylic acids the hydroxyl group is 

connected with the carbon in the carbonyl group. Bubbles can be seen when acetic acids are 

placed into a bicarbonate solution while there is no bubble when alcohol is placed into it (Ege S. 

N., 1994) (Figure 2-13). 

 

 

Figure 2-13 Acidity difference of acetic acid and ethanol (Ege S. N., 1994) 

This difference is considered to be from the resonance of carboxyl group in the carboxylic acids. 

Ege S.N (1994) explained that difference in acidity of ethanol and acetic acid by comparing their 
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conjugate base, ethoxide anion and acetate anion respectively. He said that in the acetate anion, 

the negative charge is distributed equally between two oxygen atoms in the carboxyl group 

which is weaker than the negative charge when it is concentrated on a single oxygen atom, in the 

ethoxide, for example (Figure 2-14). This resonance delocalizes the charge which makes the 

acetate anion more stable. Ege S.N said that resonance effect is important and strong when 

determine the acidity of acids. 

 

Figure 2-14 Resonance effect on acetate acid (Ege S. N, 1994) 

In addition to the resonance effect, inductive and field effects are other conditions that are able to 

affect the acidity. After comparing the acidity difference between acetic acid and its derivatives 

such as propanoic acid, fluoroacetic acid cholroacetic acid, bromoacetic acid and iodoacetic acid, 

Ege S. N(1994) found that when electronegative atoms are introduced into the molecules, the 

acidity of an acid increases, and the acidity increases with the increase of electronegative charge. 

He explained that this phenomenon arises because the electronegative substituent draws the 

electrons of the bond and this results in electron deficiency in the nearby carbon atoms (Figure 

2-15). Therefore, the electron density in the carboxyl group decrease which stabilize the 

carboxylate anion. The stabilization of carboxylate anion makes it be a weaker base which 

results in its corresponding conjugate acid stronger. This effect transmitted through δ bond is 

defined as inductive effect.  
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Figure 2-15 Chloroacetate anion is stabilized by the inductive effect, a weaker base than 

acetate anion (Ege S. N., 1994) 

Another effect caused by the interaction of the environment around the molecule is called field 

effect. This effect arises in the bond dipole moments. Ege, S.N (1994) used chloroacetate ion as 

an example. He said that the positive end of the dipole of the carbon-chlorine bond of 

chloroacetate anion reduces the charge density of the carboxylate group. This is achieved 

through the space around chloroacetate anion and carboxylate group (Figure 2-16). 

 

Figure 2-16 The field effect: negative charge on carboxylate group is stabilized by the 

positive end of carbon-chlorine bond dipole; no additional stabilization arises from the 

presence of polar bonds in the molecule; stronger base than chloroacetate anion (Ege S. N., 

1994) 
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All the three above effects influence the acidity of the carboxylate acids among which, resonance 

effect is said to be the strongest one. However, some researches have proved that, this is not the 

truth. Siggel and Thomas (1986) found that the difference in the acidity between a carboxylic 

acid and an alcohol is from the potential at the proton which is the “ground-state” electronic 

property not from the resonance effect (Siggel & Thomas, 1986). The consistent result also came 

from the experiment conducted by Siggel and his co-workers in 1986. In order to determine the 

role of inductive effect in the acidity of acetic, they compared the gas-phase acidity of CH3CO-

CH2-OH and CH3CO-OH, where conjugative effect is avoided in CH3CO-CH2-OH and only the 

inductive effect exists due to the interval of CH2 group. They found that over 80% of the 

increased gas-phase acidity of acetic acid over ethanol is from “inductive effect”. They also 

compared series gas-phase acidities of ethane (421 kcal mol
-1

) (Caldwell, Rozeboom, Kiplinger, 

& Bartmess, 1984), ethanol (376 kcal mol-1) (Bartmess & Mclver, 1979), formaldehyde (392 

kcal mol-1) (Murray, Miller, Leopold, & Lineberger, 1986) and formic acid (345 kcal mol-1) 

(Bartmess & Mclver, 1979).  They chose these series because ethanol and formic acid are the 

oxidation of ethane and formaldehyde, respectively. They found that resonance effect only 

contributed about 6% to the acidity difference of ethanol and formic acid (Siggel, Streitwieser, & 

Thomas, 1988). 

Some other similar studies also challenged the tradition view of the resonance effect on the 

acidity. Ji and Thomas (1994) found that only small energy is needed to the electronic 

reorganization for deprotonation of a carboxylic acid (Thomas, 1994). In consistent with Thomes, 

Rablen (1999) found that about three-quarters of the increased acidity of acetic acid over ethanol 

is from electrostatic stabilization whereas only the remaining quarter is due to πresonance. 

(Rablen, 2000) 

2.2.3 Reactions of Carboxylic acids 

DeRuiter (2005) has concluded the carboxylic acid reactions into four categories according to 

their structure:  

 Ionization and salt formation 

 Nucleophilic attack at the carbonyl carbon 

 Nucleophilic attack at adjacent (α) carbon 
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 Decarboxylation 

Figure 2-17 below illustrate these different reactions. 

 

Figure 2-17 Different reactions of carboxylic acid (DeRuiter, 2005) 

 

Among these types of reactions, ionization and salt formation is said to be the most common 

reaction for carboxylic acids. The following is how ionization and salt formation takes place. 

It has been said that Carbo ylic acid is “weak acid” and can “partially dissociate” (Deruiter, 

2005)  in water. And the term pKa is used to describe how much a carboxylic acid has 

dissociated. The relationship between pH and pKa is shown below (DeRuiter, 2005):  

                                                                    (2-10) 

   
[  ][     ]

[     ]
                                                              (2-11) 

From Equation (2-11) it can be got: 

[  ]    
[     ]

[     ]
                                                            (2-12) 

Take the negative log of both sides, it can be got: 
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    [  ]            
[     ]

[     ]
                                              (2-13) 

Note that pH=-log [H
+
] and pKa=-log [Ka], so Equation (2-13) can be written as 

          
[     ]

[     ]
                                                          (2-14) 

Equation is what been called Henderson-Hasselbalch Equation. 

If carboxylic acids are placed in an aqueous medium whose pH is higher than 7, such as 

solutions of sodium hydroxide (NaOH) or sodium bicarbonate (NaHCO3), it will ionize and exist 

as its conjugate base form. The ionized carboxylic acid (the conjugate base) provides an anionic 

center which can interact with water through ion-dipole force. This “energetically favorable ion-

dipole” interaction is able to “optimize” the water solubility of carbo ylic acid. This process is 

shown below: 

 

Figure 2-18 Ionization of carboxylic acids in aqueous environment (DeRuiter, 2005) 

 

In addition to its ionization in water, carboxylic acids can also interact with alkali (either 

inorganic or organic bases) to form salts (Figure 2-19):  

Because of the ionic nature of sodium (Na) and potassium (K) salts, they are much easier to 

interact with water through ion-dipole force. The solubility of product in water is significantly 

higher than that of the parent carboxylic acids. Those dissolved salts form an alkaline medium. 

However, heavy metal salts with carboxylic acids (Ca
+2

, Mg
+2

, Zn
+2

, Al
+2

) are less water soluble. 
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Figure 2-19 Interactions of carboxylic acids with different bases (DeRuiter, 2005) 

 

2.2.4 Carboxylate ion in formation water 

It has been proved by many researches that the amount of carboxylate ion in formation water is 

quite measurable. MacGowan and Surdam (1988) said that the concentration of difunctional 

carboxylic acid anions can be as high as 2640 ppm in some oil field waters. They reported the 

following concentrations in formation waters seen in Table 2-1. 

Carboxylic acid anions have been proved to be the product of the thermal maturation of kerogen 

(Vandenbroucke, 1980; Rouxhet et al., 1980; Vandergrift et al., 1980; Surdam et al., 1984; 

Crossey, 1985; Kawamura et al., 1986; Kawamura and Kaplan, 1987; MacGowan and Surdam, 

1987; Surdam and Macgowan, 1987; Lundegard and Senftle, 1987; Mac Gowan et al., 1989). In 

this regard carboxylic acid anions in formation waters are considered as the precursors to 

petroleum and gas and the agents of primary migration of petroleum (MacGowan D. B., 1990). 

Figure 2-28 illustrates this scenario. Surdam et al (1984) have shown that the main phase of 

generation of carboxylic acid is just prion to liquid hydrocarbon generation. 
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Table 1 Table 2-1 Reported concentration maxima for carboxylic acid anions in oilfield 

waters (MacGowan & Surdam, 1988) (Surdam, Boese, & Grossey, 1984) (Kharaha, Hull , 

& Carothers, 1985) 

 Ppm 

Monofunctional acid anions 

Methanoic (formic) 

Ethanoic (acetic) 

Propanoci (propionic) 

Butanoic 

Pentanoic 

 

62.6 

10,000 

4400 

44.0 

32.01 

Difunctional acid anions 

Ethanedioic (oxalic) 

Propanedioic (malonic) 

Butanedioic 

Pentanedioic 

Hexanedioic 

Heptanedioic 

Octanedioic 

Nonanedioic 

Decanedioic 

Z-butenedioic (maleic) 

 

494 

2540 

63 

36 

0.5 

0.6 

5.0 

6.0 

1.3 

26 
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Figure 2-20 Model of carboxylic acid (CA) generation during thermal maturation of 

organic material. (CH) carbohydrates, (AA) amino acids, (FA) fulvic acids, (HA) humic 

acids, (L) lipids, (HC) hydrocarbons, (NSO) N, S, O compounds (nonhydrocarbons), (CA) 

carboxylic acid (Surdam, Boese, & Grossey, 1984) 

 

MacGowan and Surdam (1989a) also stated that in sedimentary basins which are undergoing 

intermediate burial diagenesis concomitant with intense generation and expulsion of carboxylic 

acid anions, the concentration of carboxylic acid anions will be similar to those of maximum 

values (MacGowan & Surdam, 1989a).Through the study of 40 formation waters from the San 

Joaquin Basin, California and the Louisiana Gulf Coast Basin, MacGowan D. B., (1990) found 

that the concentration of monofunctioanl carboxylic acid anions are as high as 8100ppm and the 

maximum concentration of difunctional anions are 370. Similarly, by analyzing the formation 
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water in Alberta Basin, Connolly et al (1990) stated that the concentration of carboxlic acid in 

the formation waters follow this sequence: acetate>>propionate.butyrate. 

By using ion-exclusion chromatography, Donald and Surdam (1988) stated that low molecular 

weight; water soluble difunctioanl carboxylic acid anions can occur in significant concentration 

in some oilfield waters, especially in the thermal window, 80     . 

2.2.5 Carboxylic acid in oil 

Petroleum has been proved to contain large amount of acidic compounds which consist of 

phenols and carboxylic acids. Carboxylic acids in oil are divided into aliphatic and cyclic types 

(Lochte & Littmann, 1952). After analyzing crude oil from California, Seifert and Teeter (1970) 

found that the cyclic carboxylic acids in crude oil are mainly polycyclic naphthenic, mono-, and 

diaromatic carboxylic acids. And Borgund & Barth (1993) said that the low-molecular-weight 

carboxylic acids in oil are due to the interaction between petroleum and water which happened 

through oxidation of hydrocarbons. Among these aliphatic acids in oil, the amount of acetic acid 

is said to be the most which is produced by abiotic oxidation process form alkanes (Seewald, 

2001). Wolfgang, Seigert and Howells (1969) said that crude oil contains 2.5 wt. % carboxylic 

acids while Seifert and Teeter (1970) said that carboxylic acids have represented at least 12% of 

all acids naturally occurring in California crude oil and these acids are considered to be the 

precursors of petroleum hydrocarbons.  

After separating 33 crude oils from the UK, Italy and California, Meredith, Kelland and Jones 

(2000) said the carboxylic acid fraction is a major factor responsible for the acidity in these oils. 

Figure 2-21 shows increases of crude oil acid concentration with increases in total acid number. 

They stated that these correlation results are valid for oils from different areas and different 

source settings with different source environments and maturation histories.  
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Figure 2-21 Concentration of carboxylic acid fraction (ug/g oil) vs. Total Acid Number, 

which shows the strong correlation (r2=0.91) between the acidity and carboxylic acid 

content of these oils. (Meredith, Kelland, & Jones, 2000) 

 

Another reason why carboxylic acids appear in crude oil is said to be due to biodegradation 

process (Meredith, Kelland, & Jones, 2000). Carboxylic acids in crude oils are from three 

different courses: the original acids from the source rock, acids arising from biodegradation of 

the oil and acids biosynthesised by the organisms causing biodegrading (Watson, Jones, 

Swannell, & Duin, 2002). During the experiment done by Watson, Jones, Swannell and Duin 

(2  2), the amount of carbo ylic acids is reported to increase from    μg g oil to over 

 8   μg g and still increasing at the time the e periment was stopped. Lochte (1952) identified 

the chemicals in crude oil as:  

(1) Both phenols and carboxylic acids are found in all mixtures; 

(2) The carboxylic acids are a mixture of the lower liquid acids, a few higher solid aliphatic 

acids and naphthenic acids; 

(3) Carbon atoms in the naphthenic acids range from 6 to more than 20, and they are all saturated 

acids.  
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(4) Rings with 4 carbon atoms and with 7 or more carbon atoms are seem to be impossible to 

exist in the crude oils; as a consequence, the naphthenic acids consist mainly of cyclopentyl 

acids. 

 

2.3 Electric Double Layer 

2.3.1 Origin of the Electric Double Layer 

Many metal oxides have amphoteric behavior. It means that they contain surface functional 

groups attached to crystal lattices (≡M-OH) where ionization depends on the pH of the aqueous 

solution. These hydroxyl functional groups are formed by the dissociation and chemisorption of 

water molecules at the o ide ion sites. Thus, the hydro ide surface (≡M-OH) can be charged 

either negatively or positively due to surface amphoteric reactions. As shown in Equations (2-

15) and (2-16) (Degen & Kosec, 2000): 

               
                                                      (2-15) 

                                                              (2-16) 

When the solution pH is low, hydro ide group (≡M-OH) will adsorb protons resulting in the 

positive charge of the surface (≡M-OH2
+
). When the pH is high, they tend to lose protons leaving 

the surface to be negatively charged (≡M-O
-
) (Reed, 1986). At a certain pH the surface charge 

density is zero. This is called the point of zero charge pH (PZC). 

When in contact with electrolyte solutions the surface of metal oxides will develop surface 

charges in accordance with the pH of the solution and this will reflect the point of zero charge 

pH of the metal surface. For negatively charged surface counterions in aqueous solution will be 

attracted to the solid surface to cause electroneutrality. These counterions will form the “stern 

layer” (Hall, Collins, & Melrose, 1983). Beyond the stern layer there will exists ions in a 

diffused manner and this zone will result in the formation of the “diffuse layer” (Hall, Collins, & 

Melrose, 1983). This explains the origin of the electric double layer for a system consisting of a 

solid surface and an electrolyte solution. 
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At the oil-water interface at certain pH the electric double layer can be formed. This is because 

normal crude oil has carboxylic acid components and these will cause ion to produce the 

carboxylate ion. Due to their ampiphilic nature the carboxylate ions will be found at the interface 

between oil and water. This negative charge will attract counter ions in aqueous solution or 

formation brine to form the stern layer. Beyond the stern layer the diffuse layer will form in a 

manner similar to that encountered in solid-water systems. The presence of the carboxylate ions 

will give rise to surface charge density and surface charge potential at the oil-water interface. 

In chemical engineering the technology of electrocapillarity has been used to change the 

wettability of polymer surface in order to achieve desired goals. In these systems electrical 

voltages are applied to surface with particular point of zero charge pH values. In these systems 

the change of interfacial tension with the applied electrical voltage is described by the following 

equation (Fitchett, Rollins, & Conboy, 2005): 

       (
           

   
)                                                    (2-17a) 

  
      

    

                                                              (2-17b) 

Where,   is the permittivity of the liquid,  

               is the permittivity of free space 

            R is the gas constant,          
 

     
 

            T is the absolute temperature, 

            F is the Faraday’s constant, 

              is the applied potential 

                 is the applied potential at the PZC or electrocapillary maximum, 

           B is based on the maximum of the liquid-liquid interfacial tension,  

             is the inverse of Debye length which can be given by  

   
    

     
                                                                       (2-18) 
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2.3.2 Electric Double Layer in Oil-Water-Rock System 

It is said that if a rock surface has the nature of hydrophilic, there will be a thin film existing 

between oil and rock and separate the oil from quartz surface (Hall, Collins, & Melrose, Stability 

of Aqueous Wetting Films in Athabasca Tar Sands, 1983). This kind of water film can be seen in 

Figure 2-22. 

 

Figure 2-22 Typical Arrangement of Oil Sand Particles (Cottrell, 1963) 

 

The thickness of this film is said to be determined by excess pressures, capillary pressure, for 

example, in macroscopic wetting films. These excess pressures are able to cause hydrodynamic 

flow out of film, which exists initially on convex grain surface, into neighboring pores occupied 

by bulk water (Figure 2-23). This kind of flow may cause the film to be only a few molecular 

diameters in thickness which makes it possible for polar groups in organic molecules to compete 

with water molecules when adsorbed on the solid surfaces (Hall, Collins, & Melrose, Stability of 

Aqueous Wetting Films in Athabasca Tar Sands, 1983). 
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Figure 2-23 Schematic diagram for unstable wetting-phase film on convex sand-grain 

Surface (Hall, Collins, & Melrose, 1983) 

 

In microscopic level, the stability of this film is determined by the electrostatic fields which 

appear at solid/water and water/oil interfaces. These electrostatic fields may result in the 

appearance of what is called electric double layer. 

Electric double layer is said to be caused by the dissociation of particles in polar solvents or 

adsorption of ions from electrolyte (Attard, 1996). In the interior of a bulk phase, although an 

ionic can electrolyze, the charge can be neutralized by the neighboring ions which have the 

opposite sign. Thus there is no electric field effect at macroscopic level. However, at interfaces 

of two immiscible liquids, the charge of the ion cannot be compensated or screened because the 

screening is restricted in two dimensions. Then there appears a high electrostatic-potential 

gradient resulting in the distribution of counterions which is defined as an electrical double layer. 

(Verwey & Overbeek, 1947) Potential caused by electrical double layer is shown below in 

Figure 2-24.  



 

31 
  

 

Figure 2-24 Electrostatic potential vs. Distance from phase boundary for solid/brine or 

oil/brine interfaces (Hall, Collins, & Melrose, 1983) 

 

Hall, Collins and Melrose (1983) then divided the double layer into two parts, “compact part” or 

“Stern-Grahame layer” (Verwey & Overbeek, 1947) and “diffuse part” or “Gouy- hapman” 

(Grahame, 1947), according to the decrease of potential. The compact part, which is the major 

part for the decrease of the potential, is said to have the thickness of only two or three molecular 

diameters, that is, less than 1.0 nm. In the diffuse region, the electric potential changes much 

more gradually.  

According to this theory, the relationship between potential at the boundary of compact and 

diffuse layers, ψd, and the electric charge density at surface, σd, can be written as Equation (2-

19) (Grahame, 1947). The surface charge density refers to the amount of counterions over co-

ions which is the ions having the same sign outside the double layer. In practise, the potential ψd 

is said to be equivalent to the zeta potential which is measured from different kinds of 

electrokinetic phenomena. (Grahame, 1947) 
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                                                         (2-19) 

Where, NA is Avogadro number (6.0221412927×1023 mol
−1

) and kB is Boltzmann constant 

which is the gas constant R divided by Avogadro number NA, e is the value of the elementary 

charge and T is the absolute temperature.    is the Debye screening distance which has a 

relationship with electrolyte concentration, c.   

After analyzing tar-sand samples form Athabasca, Hall, Collins, & Melrose (1983) suggested 

that the interfacial charge adhering to the quartz/water is due to the adsorption of OH
-
, while the 

charges at the oil water interface are “o ygen-containing functional groups” such as carbo ylic 

acid and phenolic acid groups. Chow & Takamura (1988) and Takamure & Chow (1985) 

introduced the ionisable surface group (ISG) model which suggested that the negative charge at 

the interface of oil and water is due to the dissociation of carboxylic acids which would become 

naturally occurring surfactants when the oil is treated by alkaline process water and the organic 

acid constituents are neutralized. Considering that rock/water and water/oil interfaces have the 

same charge or potential characteristics, the repulsive force caused by interactions between these 

double layers will result in the interfaces to be apart from each other. The two effects caused by 

interfacial reactions are (Hall, Collins, & Melrose, Stability of Aqueous Wetting Films in 

Athabasca Tar Sands, 1983): 

(1) An electrostrictive stress arising from the electric field within the interaction double 

layers 

(2) An osmotic pressure arising from the difference between the electrolyte concentration in 

the double-layer region and the concentration in the bulk solution that is in contact with 

this region. 

Hall, Collins, & Melrose (1983) said the net repulsive force per unit area is equivalent to a 

negative hydrostatic pressure within a thin wetting film that separates rock/water interface and 

water/oil interface.  

The films in bulk wetting phase fluid which are in hydrostatic equilibrium can be illustrated in 

Figure 2-25. In this figure, h is the thickness of water film and r is the radius of curvature of the 

interface. Considering that h<<r, the pore radius is treated as r instead of r+h. Then at Point A on 

the interface, the pressure difference caused by two different phases is  
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                                                                            (2-20) 

While at any interface Point B, the capillary pressure can be written as 

          (
   

 
)                                                          (2-21) 

Where,     is surface tension between oil and water and PR is the repulsive force per unit area 

which results from the interaction between double layers of oil/water and water/mineral 

interfaces. When the double layers are in hydrostatic equilibrium, the conditions are considered 

to be  

                                                                        (2-22) 

Then, the repulsive force can be given by  

                                                                   (2-23) 

 

 

Figure 2-25 Schematic diagram for wetting-film equilibrium (Hall, Collins, & Melrose, 

1983) 

Equation (2-23) can also be applied to the model with a slit separating plane-paralled walls, not 

only a cylinder. 
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Many experiments have shown that the zeta potential in the double layer has the tendency to be 

negative as the brine pH goes higher.  

After measuring the change of zeta potential in different pH and Na
+
 concentrations in three 

different oil samples, Moutray crude oil, Leduc crude oil and ST-86 crude oil, Buckley and 

Takamure (1989) found  the relationship between zeta potential  and pH. As shown in Figure 2-

26. 

 

Figure 2-26 Zeta potential as a function of pH and [Na+] for Moutray crude oil (up left), 

Leduce crude oil (up right) and ST-86 crude oil (down) (Buckley, Takamura, & Morrow, 

1989) 

Similar results are shown by the experiments conducted by Hall, Collins, & Melrose (1983) after 

examining the zeta potential and pH (as shown in Figure 2-27). They said that the low pH is 

caused by the adsorption of hydrogen ion which results in the positive charge of zeta potential.  

The increase of pH and the negative charge of zeta potential is said to be the result of anionic 
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surfactant adsorption at oil/water interface. This anionic surfactant is formed by the reaction 

between aqueous caustic with organic acid functions in the oil. 

 

Figure 2-27 Zeta potential vs. pH for Athabasca tar suspension (Hall, Collins, & Melrose, 

1983) 

 

2.3.3 Application to the Oil Water Interface in Petroleum Engineering 

In the oil/brine interface, the potential is caused by aggregation of carboxylic ions at the oil water 

interface because of their surface charge density. Since Equation 2-17a predicts changes of 

interfacial tension with changes in surface potential it is expected that the presence of the 

carboxylate ion in formation/synthetic brine will affect oil-water interfacial tension in a manner 

similar to that expected in the electrocapillary industry. Therefore the carboxylate ion will be 

used with different concentrations in this project work to see its effect on oil-water interfacial 

tension under reservoir conditions. 

2.4 Measurement Principle 

In this project, the equipment that is used to measurement the interfacial tension between two 

immiscible liquid phases is the Spinning Drop Tensiometer SITE 100. The measuring cell is 

shown in Figure 2-28. 
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Figure 2-28 Schematic drawing of a spinning-drop tensiometer (Husmann, Rehage, 

Dhenin, & Barthes, 2005) 

 

The light phase drop with density L (g/cm
3
) is injected into the rotating capillary tube which is 

filled with the heavy phase  H  (g/cm
3
). Then the interfacial tension ( ) (mN/m) between these 

two phases depends on the rotational frequency ( ) (rad/min) and the density between the two 

phases. As shown in Equation (2-24): 

  
           

 
                                                               (2-24) 

Here, r stands for the radius of the light phase. In order for this equation to be used accurately, 

the length of the drop along the axis of rotation should be at least 4 times the drop diameter (d). 

Which means that L>=4d.  

However, it is found that at lower rotational frequencies which are usually 0-3000 rad/min, the 

combination of Coriolis and buoyancy forces is able to displace the light drop in the capillary 

tube away from rotation axis. So Equation (2-24) is not applicable at lower rotational 

frequencies or for situations where the shape of the drop is not a cylinder with hemispherical 

ends. In this way, the shape of the drop also affects the measured results of interfacial tension 
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(Currie & Nieuwkoop, Buoyancy Effects in the Spinning-Drop Interfacial Tensiometer, 1982). In 

this way, the volume and interfacial tension can be given by the following two equations 

(Slattery & Chen, 1978) : 

  
 

 
(

 

  )
 

        
                                                 (2-25) 

     
 

   
                                                          (2-26) 

Where, R is the maximum radius of the drop and the other words has the some definition as 

mentioned before. R* is the dimensionless radium of a spherical drop and V* is its dimensionless 

volume. The surface area of the drop (A) can be defined as (Currie & Nieuwkoop, Buoyancy 

Effects in the Spnning-Drop Interficial Tensiometer, 1982): 

     
 

   
                                                         (2-27) 

 

When the drop can be seen as a cylinder, the interfacial tension (γ), drop volume (V) and surface 

area (A) can be simplified as follows (Currie & Nieuwkoop, Buoyancy Effects in the Spinning-

Drop Interfacial Tensiometer, 1982): 

   
 

 
          

                                                  (2-28) 

   
  

 
   

 

 

 

 
                                                       (2-29) 

        
 

 
  

 

                                                 (2-30) 

Here, L is the length of the drop. These equations can be used when the angular speed or 

rotational frequency ( ) is below some extent.  

The reason why the equations used to calculate the interfacial tensions are different is the effects 

from the buoyancy force (B) which can be defined as (Currie & Nieuwkoop, Buoyancy Effects 

in the Spinning-Drop Interfacial Tensiometer, 1982): 

                                                              (2-31) 
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The pressure around the drop is given by the following equation (Currie & Nieuwkoop, 

Buoyancy Effects in the Spinning-Drop Interfacial Tensiometer, 1982): 

       
 

 
    

                                                  (2-32) 

Where, Po is a constant and r is the distance from the axis of rotation tube. 

At lower rotational frequency, Currie and Nieuwkoop (1982) has divided the region near the 

drop into different parts as shown in Figure 2-29.  

 

Figure 2-29 Schematic diagrams for the theoretical model (magnitude of the drop 

displacement and thickness of the shear layer are exaggerated for clarity). (a) Relevant 

quantities for displaced, steadily rotating drop. (b) Free shear layer: AW, solution of 

Abbott and Walters; RD, rigid rotation with drop; RT, rigid rotation with tube. (Currie & 

Nieuwkoop, Buoyancy Effects in the Spinning-Drop Interfacial Tensiometer, 1982) 

 

Because of the buoyance effect, the drop axis and the tube axis are parallel but not coaxial. The 

drop may flow upward a little. As illustrated in the Figure 2-29a, near the drop axis (area A), the 
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drop surface can be seen as a flat plane normal to z axis, and the flow pattern is similar to the 

flow between two planes(As show in Figure 2-30).  

 

Figure 2-30 Coordinate system for the flow between rotating planes (Abbott & Walters, 

1966) 

 

It has been proven that there e ists an “Ekman-type” boundary layers near the surface area of the 

plane, and the local axis of these layers are parallel to the z axis while the local rotation centers 

change fast from the plane surface to the bulk of the fluid in the form of exponential spiral.  

Stewartson (1966) stated that there is a free shear layer intersects the Ekman layer at the edge of 

the drop. He defined this free shear layer as the edge of a Taylor column. It is presumed that the 

force of the free shear layer decrease as the distance of it to the drop surface increase. The shape 

of the flow pattern near the drop can be shown in Figure 3-31.  
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Figure 2-31 Velocity regimes in the vicinity of the drop, for steady off-axis rotation at low 

frequency. Cross section through drop axis and tube axis. The spirals envelop Ekman 

layers. (Currie & Nieuwkoop, 1982) 

 

As show in Figure 2-29b the drop will be enclosed in a free shear layer the ends of which are at 

the cross-sectional planes that bound the ends of the drop. In the volume V1, as shown in Figure 

2-29c, the tube does not impose any disturbance in this area and viscous forces are not present. 

So the buoyancy force B in this area is balanced only by forces from Ekman layer.  In the 

volume V2, there is a viscous force produced by free layer the direction of which (y direction) is 

horizontal but perpendicular to z axis. According to the Equation (2-32), the pressure in y 

direction is (Currie & Nieuwkoop, Buoyancy Effects in the Spinning-Drop Interfacial 

Tensiometer, 1982): 

                                                                        (2-33) 

Also, at the ends of the cylindrical drop, Ekman force F can be written as (Currie & Nieuwkoop, 

Buoyancy Effects in the Spinning-Drop Interfacial Tensiometer, 1982): 

                                                                      (2-34) 
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In the horizontal direction, the shear force should be in a balance with pressure force P in the 

horizontal component. In the vertical direction the following can be written as (Currie & 

Nieuwkoop, Buoyancy Effects in the Spinning-Drop Interfacial Tensiometer, 1982)： 

                                                              (2-35) 

In the above equations, d is the distance that the drop is displaced from the center of the tube. 

When the rotational frequency is suitable enough to cause the drop to be spherical (L=R, 

V=4 R
3
/3), the distance d can be written as (Currie & Nieuwkoop, Buoyancy Effects in the 

Spinning-Drop Interfacial Tensiometer, 1982): 
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                                                        (2-36) 

It can be seen from this equation that the magnitude of the displacement of the drop in low 

rotation frequency is determined by the balance between the pressure and buoyancy forces as 

well as viscosity.  

2.5 Produced Water Re-injection 

As the maturity of petroleum industry and water-flooding technology in the enhancement of oil 

production, large amount of produced water has been produced with oil from oil fields. In 

Prodhoe Bay field in Alaska, they have produced more than 1 million barrels of water per day 

(Paige & Murray, Re-injection of produced water-Field experience and current understanding, 

1994). By the year of 1995, this field had produced about 4 billion bbl. of water together with 8 

billion bbl. of oil (Martin, et al., 1995). Several oil fields in North Sea fields have also produced 

hundreds of thousands of barrels of water per day (Paige & Murray, Re-injection of produced 

water-Field experience and current understanding, 1994). Because of the more restrict laws 

regarding the environment these days, the discarding of produced water demands expensive 

treatment and seems to be unreasonable (Rocha, Frydman, da Fontoura, Rosarion, & Bezerra, 

2001). Therefore, produced water reinjection seems to be not only environmentally friendly but 
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economically. Figure 2-32 shows the costs of various ways of produced water treatment 

including reinjection and overboard discharges.  

 

Figure 2-32 Comparison of costs of re-injection with other water treatment options (Paige 

& Murray, 1994) 

 

The first operator that tried to minimize the capital investment when dealing with produced water 

by reinjection is the North Sea was BP Norge Ltd. A full scale produced water reinjection started 

in the first quarter of 1995 (Hjelmas, Bakke, hilde, Vik, & Gruner, 1996). When produced water 

is injected into the reservoir, many unexpected damage may rise such as plugging which is 

caused by solids and oil drop in water (Bachman, Harding, Tony, & Walters, 2003), corrosion, 

scaling and souring (Hjelmas, Bakke, hilde, Vik, & Gruner, 1996).  

When produced water is reinjected into the reservoir, two (or more) immiscible fluid flow (oil 

and water) will exist in porous medium. In this condition, the flow of each fluid will be affected 

by the presence of the other fluid. Therefore, relative permeability kr(S), which is the ratio 

between the effective permeability of the given phase to the absolute permeability of the rock, is 

introduced to describe the real permeability of a fluid at the presence of the other fluid (Pini & 

Benson, 2013). Similarly, capillary pressure will be responsible for trapping a large amount of 

oil within the pores of the rock (Melrose & Brandner, 1974) and provides the foundation for the 

theory of multiphase flow in porous media (Pini & Benson, 2013). Capillary pressure data also 

affects the interfacial tension between immiscible fluids (Pini & Benson, 2013).Interfacial 

tension between oil and water derives from the difference in the intermolecular forces between 
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these immiscible fluids. It directly impacts the multiphase flow and displacement processes and 

therefore the oil recovery in porous media (Isehunwa & Olanisebe, 2012). In order to predict the 

reservoir performance in the oil field, it is important to simulate it in the laboratory before any 

field problem arises. It is said that the measurement of relative permeability in the laboratory   is 

the only direct way to check and determine flow characteristics in oil fields (Geffen, Owens, 

Parrish, & Morse, 1951).  

In the laboratory works, synthetic brines were used to simulate the reservoir conditions and the 

ion compositions are shown in Appendix 1. However, these compositions are not the real 

compositions of produced water (reinjected or discharged) (Appendix 2). The main difference in 

ion species between brines used in laboratory and real ones are acetate ion which has a 

remarkable influence in oil/brine interfacial tension and therefore affect the oil recovery. Organic 

acids are found to be existed in the produced waters among which acetic acid occupies a greater 

part, from 70 up to 94% (James & Engelhardt, 1992).  

Many researchers have proved that different ions have different effects on interfacial tensions 

because of their difference in polarizability. Vrbka, et al.(2004) found that hard, non-polarizable 

ions are repelled from the surface while soft, polarizable ions have the tendency to go to the 

interface. They used different sodium halides in their molecular dynamics simulations and found 

that the ion density of halides ions at air/water interface increases in the sequence of F
-
, Cl

-
, Br

-
, 

I
-
 , which means that the ion polarity, size and, in particular, polarizability, lead to various 

affinity to air/water interface. Because of the polarizability consequence of halides I
-
>Br

-
>Cl

-
>F

-
 

(Franks, Djerdjev, & Beattie, 2005), the surface tension increase Δγ compared to pure water for 

the whole sodium halide series is Δγ(F
-
) >Δγ ( l

-
)>Δγ ( l

-
) >Δγ (I

-
) (Vrbka, et al., Propensity of 

soft ions for the air/water interface, 2004). Yan (2009) also said that larger halogen anions are 

adsorbed at the interface while the alkali metal cations are repelled from interface.This means 

that the interfacial tension is dominately affectly by anions in the solution instead of cations 

(Vrbka, et al., Propensity of soft ions for the air/water interface, 2004). Acetate ion, which is 

highly polizable and is found in formation and produced water (Appedix 2), will have effect on 

the interfacial tension between brine and oil. When the produced water is reinjected into the 

formation, its influence should not be ingnored. While in the previous laboratry works, produced 

water reinjection simulation was done without adding acetate ion into synthetic brine.Therefore 
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the simulation results were not representative.In this project, the interfacial tension between brine 

and oil was measured with acetate ion added. 
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3. Experimental Program 

3.1 Materials and Resources 

3.1.1 Materials 

The properties of the organic compounds used in this project are displayed in Table 3-1. 

 Table 3-1 Organic chemistries used in experiment 

Organic 

compound 

Supplier and 

purity 

Solubility in 

water (aq) 

Structural formula and 

dissociation constant 

Molecular 

Formula 

Sodium 

dodecyl 

sulfate 

Sigma-

Aldrich 

>=98.5% 

 M :  -   

mM at 2 -

2    (soluble) 

 

 

C12H25NaO4S 

Sodium 

acetate 

Sigma-

Aldrich 

>=99% 

2  g L at 

2     
 

pKa=4.76 (acetate acid) 

CH3COONa 

 

Sodium dodecyl sulfate was used in this project because it is a traditional surfactant and has been 

widely used in industries. 

Sodium chloride in this experiment was supplied by Merck and the purity is >= 99%. It was used 

to simulate the concentration of produced water. Sea water was obtained from Halifax Water 

Front. The oil used was the Gullfaks “c” crude oil with  PI gravity of   .8.  

All the chemical compounds were used as received. 

3.1.2 Resources 

The resources used in this experiment have been listed below: 

(1) Hydrometer made by Thermo Scientific with the precision of 0.0001g/cm
3 

(2) Scale of CPA124S made by Satorius with the capacity 120g, readability 0.1 mg. 

(3) The Spinning Drop Tensiometer SITE 10 with the precision for surface tension of 0.001 

mN/m. 
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3.2 Experimental procedure 

3.2.1 Brine preparation  

3.2.1.1 Equivalent NaCl concept 

The experimental brine was prepared using the equivalent brine concept as been described 

following.  

For a given salt in a solution, its conductivity contribution to the total solution mixture 

dependents on the concentration of the salt, the total solids concentration of the solution and the 

conductivity of the salt in question at total solids concentration. This theory can be written as the 

following equation (Desai & Moore, 1969): 

   
 

  
                                                                    (3-1) 

Where, Si = concentration of pure salt Si, ppm 

             TS = total solids concentration of mixed solution, ppm 

             σs = conductivity of a solution of pure salt Si at concentration TS, mho/m 

             σi = conductivity contribution of a given salt concentration Si in a larger TS, mho/m 

According to this theory, the total salt concentration of a solution can be converted to its 

equivalent NaCl concentration by the same identical resistivity.  

Therefore, the equivalent NaCl concentration of a given ion concentration in an ion mixture 

depends on the ion concentration, the total solids concentration of the mixture and the 

conductivity of the given ion at total solids concentration. It can be mathematically shown as the 

following equation (Desai & Moore, Equivalent NaCl Determination from Ionic Concentrations, 

1969): 

[           ]                                                           (3-2) 

Where, ki = the variable conversion multiplier of the ion 

             Ii = ion concentration (g/L) 
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When there are multiple ions in the solution, the Equation (3-2) can be expanded into (Desai & 

Moore, 1969):  

[           ]   ∑ [           ]   ∑     
 
   

 
                        (3-3) 

Here,  ki can be expressed as a function of total solids concentration Si (Desai & Moore, 1969): 

    ∑          
  

                                                         (3-4) 

The aij are transfer coefficients for the several ions which are commonly found in natural 

formation waters. 

The total dissolved solid concentration of the brine used in this experiment is referred from the 

data obtained from Alberta Basin which is 235 g/L (Connolly, Walter, Baadsgaard, & 

Longstaffe, 1990). According to equivalent NaCl theory, this total solid concentration can be 

converted by using the equivalent NaCl table (Desai & Moore, 1969) to its equivalent NaCl 

concentration of 224.7 g/L.  

3.2.1.2 Preparation of Sodium Chlorite Solution 

For the preparation of sodium chlorite solution with concentration of 224.7 g/L in this 

experiment, the volume of the brine is prepared to be 200ml and the weight of sodium chloride 

will be 44.9400 0.0005g. The weight of sodium chloride was measured by the Scale of 

CPA124S. 

An empty bowl which is used to hold sodium chloride was first put into the scale. After that the 

scale was zeroed, and the sodium chloride was put in the bowl until the expected weight. The 

sodium chloride was then removed into the beaker which has the volume marker of 200 mL. The 

bowl was washed with deionized water in order to make sure that none of sodium chloride was 

left in the bowl. Then deionized water was added slightly under the mark line for the sodium 

chloride to solute.  

3.2.2 Preparation of Sodium Acetate and Sodium dodecyl sulfate solution. 

The concentration of sodium acetate was chosen according to what has reported in the previous 

works. Connally and his co-workers (1990) reported that the short-chain aliphatic acids in 
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formation water range up to 932 mg/L and Ray & Engelhardt (1990) also found that the organic 

acid concentration in formation water is around 200mg/L and acetic acid is about 70 to 94% in 

formation waters. Therefore, in this project, the concentrations of sodium acetate are 0.2g/L 

0.3g/L, 0.4g/L, 0,5g/L and 0.6g/L.  

For the preparation of sodium acetate in the brine, the sodium acetate solution was first prepared 

which was 2.0000g  0.0001g of sodium acetate in 100mL of deionized water. The weight 

measurement process of sodium acetate was the same as that of sodium chloride. Then for the 

brine with the sodium acetate concentration of 0.2g/L, 2ml of sodium acetate solution was added 

into the beaker containing brine solution. Similarly, for the brine with the sodium acetate 

concentration of 0.3g/L, 0.4g/L, 0.5g/L and 0.6g/L, 3ml, 4ml, 5ml and 6ml of sodium acetate 

solution were added into them respectively.  

The preparation of Sodium dodecyl sulfate solution and brine with sodium sulfate solution was 

the same as that of sodium acetate. 

3.2.3 Density Measurements 

The densities of the solutions used in this project were measured by hydrometer. The solutions 

were heated to      , the temperature at which the e periment is conducted. Then the hydrometer 

was dropped into the solution to float. The specific gravities were read from the surface of 

solution (Figure 3-2). The solution density was then got by multiplying water density at 60ºC 

(0.9832g/mL). The oil density was measured by pycnometer. The pycnometer was first filled 

with water at room temperature and the weight was then measured. By using the water density at 

room temperature, the volume of pycnometer can be got. Then when the pyconmeter was filled 

with crude oil, the density of oil can be known. 
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Figure 3-1 Solution density measurement 

 

3.2.4 Interfacial Tension measurements 

The Spinning Drop Tensiometer SITE 10 was used to measure the interfacial tension between oil 

drop and brine (Figure 3-3). The principle used to determine interfacial tension is shown as 

Equation (2-24). The temperature was thermostatically controlled at       during the 

experiment. The light oil drop was injected by syringe into the rotating capillary. For the purpose 

of accurate measurement, the rotating capillary was left to rotate for about 1 to 2 minutes in order 

for the drop to be stretched to expected length which is at least four time of the drop diameter. 

The expected length should be at least four times of its diameter which is expected by the 

equipment. The drop diameter and interfacial tension can be read from the software in the 

computer. The difficulty in measuring the interfacial tension was the injection of oil drop. The 

air should not be in the rotation capillary. This needs lots of practice.  

The following are the results for the different interfacial tension measurements and discussion. 
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Figure 3-2 Interfacial tension measurement 
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4. Results and Discussion 

In this project, interfacial tensions were measured in three different systems: oil/brine system, 

oil/seawater system and oil/surfactant system. In oil/brine and oil/seawater system, different 

concentrations of sodium acetate(0.2 g/L, 0.3g/L, 0.4g/L, 0.5g/L, 0.6g/L)  were added into brine 

and seawater respectively at      . In oil surfactant system, same concentrations of surfactant 

were added into the brine which was the same as used in oil brine system at      . The results are 

shown in Figure 4-1. 

 

Figure 4-1 The trend of interfacial tension vs. different concentrations at 60°C 

It can be seen that all the chemicals added into the solution cause a reduction to the pure water 

oil interfacial tension. The interfacial tension between pure water and oil measured by Hezave 

and his co-workers (2013) was as high as 47.4 mN/m while the interfacial tensions measured in 

this project after adding chemicals into the water is much less than that data (the maximum is 

around 6 mN/m). This can be interpreted by using the following equation (Vrbka, et al., 2004): 

                                                                (4-1) 
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Where,   is the surface tension,  

             is the chemical potential of the solute, 

             is the surface excess of the solute:  

  
 

 
                                                                      (4-2) 

Here, A is the surface or interface area of the solution 

                is the total number of moles of solute 

              and      are the moles of solute in the liquid and gas phase, respectively.  

For the pure water, the number of molecules of solute is zero this means that the surface excess   

is zero and the change in interfacial tension of water is zero. When the chemicals were added 

into the pure water, there will be some change in the number of molecules. From Equation (4-2) 

we can see that the surface excess is always positive, so the change in surface tension is always 

negative. This means that the addition of the contaminations into the pure system will decrease 

the water surface tension. From the molecular theory of interfacial tension in chapter 2.1.2, the 

interfacial tension between two immiscible liquids can be expressed as Equation (2-5). For the 

oil and brine system where there is no nondispersion tension existing between oil molecules due 

to its organic and nonpolizable nature, the oil and brine interfacial tension can be expressed as 

Equation (4-3).   

           √  
   

                                                 (4-3) 

The subscript o and b refer to oil and brine respectively. When the brine surface tension    

decreases, the oil brine interfacial tension will also decrease. This means that the addition of all 

the types of chemicals into the water will decrease the oil water interfacial tension. This can be 

illustrated by Figure (4-2). So what matters the most is the relative effect of different chemicals 

on the oil water interfacial tension. 
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Figure 4-2 Schematic representation of the effect of ions on the decreasing of IFT in the 

oil/water interface. (Hezave, Dorostkar, Ayatollahi, Nabipour, & Hemmateenejad, 2013) 

 

For the surfactant system, when sodium dodecyl sulfate was added into the brine, the Cl
-
 ion at 

the brine surface will be displaced by surfactant ions. Because of the long organic tail of the 

surfactant molecule, the chemical potential gradient of surfactant is much higher than that of Cl
-
. 

According to Equation (4-1), the brine surface tension will be more negative at the presence of 

surfactant relative to that of brine until the critical micelle concentration is reached. As a result, 

the oil brine interfacial tension will be lower as the surfactant concentration increases.  

However, for the acetate system, the interfacial tension between oil and brine increased with the 

addition of sodium acetate. Compared to the surfactant used in the experiment, the tail of acetate 

ion is much shorter, this results in a lower chemical potential gradient for the acetate ion. 

According to Equation (4-1), if the chemical potential gradient of acetate is less than that of 

chloride, the increase in acetate ion concentration will result in an increase in oil/brine interfacial 

tension because more chloride ion with higher chemical potential is replaced by more acetate ion 

with lower chemical potential. This will cause the surface excess to be less negative and the oil 

brine interfacial will be higher.  
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It can also be seen from Appendix 3 that at a lower sodium acetate concentration, oil/brine 

interfacial tension is reduced to a low value. This can be explained due to the amphiphilic and 

polarizability nature of acetate ion similar to that of surfactant. 

In oil/seawater system, because of the complicated compositions of seawater, the effect of ion 

replacement between acetate ion and seawater ions is not as significant as that in oil/brine system 

where Cl
-
 is primarily present, so the effect of change of sodium acetate concentration on the 

oil/seawater interfacial tension is not significant.  
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5. Conclusion 

Geochemically formation waters formed at temperature and pressure conditions where crude oil 

exists contain a host of ions including the acetate ion. This ion comes from the dissolution and 

dissociation of short chain carboxylic acids formed in crude oil. This can have two distinct 

thermodynamic properties. It is amphiphilic meaning it will be found at oil water interface. It is 

also polarizable. In view of the strict environmental concerns regarding the dumping of produced 

water in the sea, most companies use produced water reinjection. In the traditional approach used 

in petroleum reservoir engineering studies there is hardly any published works where the 

synthetic brine contains the acetate ion. In this study the acetate ion has been used in synthetic 

brine in order to investigate its effect on oil water interfacial tension. The following sum up the 

conclusion of the experimental study. 

(1) Oil/brine interfacial tension increases with increased concentrations of sodium acetate in 

brine, likely due to the chemical potential gradient of the acetate ion having a reduced 

relative effect on the interfacial tension.  

(2) The increase in oil/seawater interfacial tension is not as significant as that of oil/brine 

system is due to the complex compositions of seawater. 
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6. Recommendations 

Relative permeability, capillary pressure and interfacial tension are indispensable parameters for 

petroleum reservoir engineering computations. In the field of wettability studies, petroleum 

reservoir engineers have used brine with different compositions in order to test the effect of 

different ions on wettability. 

In the field of interfacial tension relative permeability and capillary pressure studies, the 

petroleum industry has neglected the need to test the presence of certain specific ions on 

measurements. These ions are the mostly polarizable ions like nitrate, sulfate and acetate. This 

project work has tested the effect of the acetate ion on oil water interfacial tension and has found 

this effect to be significant. Therefore the recommendation for the findings of this study is 

concerned that the effect of other ions such as the nitrate and sulfate ions which are ubiquitous 

components of produced oilfield waters should be investigated in future Meng project work.  
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APPENDIX 1 COMPOSITION OF SYNTHETIC BRINES 

 

Appendix 1- 1 Composition of Injection sea and formation waters (Wat, Sorbie, Todd, 

Chen, & Jiang, 1992) 

 

 

Appendix 1- 2 Salt Content and Ionic Strength in Various Brines (t=25 C, P=1.013 bar) 

(Cai, Yang, & Guo, 1996) 

 

 

Appendix 1- 3 Composition of synthetic reservoir brines (ppm) (Morrow, Tang, Valat, & 

Xie, 1998) 
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Appendix 1- 4 Experimental data and undiluted brine composition for Berea centrifuge 

experiments at 55 C (Ligthelm, Gronsveld , Hofman, Brussee, & Linde, 2009) 
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APPENDIX 2 REAL BRINE COMPOSITIONS OF PRODUCED WATERS 

Appendix 2-1 Average concentration of some organics other than hydrocarbons in 

produced waters discharged by Shell Expro and NAM in 1989 from their 12 oil and 15 gas 

platforms (Ray & Engelhardt, Produced Water: Technological/ Environmental Issues and 

Solutions, 1992) 

Some organics other than  
Hydrocarbons in produced water 

Organic acids 
(av. mg/l) 

Phenols 
(av. Mg/l) 

Total load 
(tonnes/year) 

Oil fields    
       Brent 185.5 1.6 1982.6 
       Other northern 158.4 1.4 1743.2 
       Central North Sea  64.0 5.0 132.0 
Gas field    
        UK sector 171.7 0.6 2.6 
        Dutch sector 227.3 6.4 48.8 

Total   3909.2 
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Appendix 2-2 Typical water quality parameters of sea water, injection water and produced 

water (reinjected or discharged) on Ula from the full scale Pwri Trial (data from March) 

(Hjelmas, Hilde, Bakke, & VIK, 1996) 

Water Quality Parameter Water Quality 

Sea Water Injection 

Water⃰ 

Produced 

Water 

Physical 

Total solids (mg/l) 

Suspended solids (mg/l) 

Total number of particles (# per 500 µl) 

pH 

Temperature (  ) 

   

n.d 22 48 

4.2 6 22 

15,000 155,000 190,000 

8.1 7.3 6.8 

18 31 39 

Organics 

Hydrocarbons (mg/l) 

Dissolved organic carbon (DOC) (mg C/l) 

Σ  rganic acid (mg l) 

Acetic acid (mg/l) 

Σ  lkylated benzenes ( ETX) (mg l) 

Σ Polyaromatic hydrocarbons (   P H) (mg l) 

Σ Phenols (mg l) 

   

0 15 39 

0.8 7.5 19.2 

0 3.1 9.2 

0 1.1 5.5 

n.d n.d 14.3 

n.d n.d 0.7 

n.d n.d 1.7 

Inorganics 

Calcium (mg Ca/l) 

Iron (mg Fe/l) 

Barium (mg Ba/l) 

Strontium (mg Sr/l) 

Cadmium (mg Cd/l) 

Lead (mg Pb/l) 

Copper (mg Cu/l) 

Zink ( mg Zn/l) 

Tin (mg Sn/l) 

Mercury (mg Hg/l) 

Sulphate (mg SO4/l) 

Chloride ( mg Cl/l) 

Bicarbonate (mg HCO3/l) 

Free carbon dioxide (mg CO2/l) 

Dissolved oxygen (µg O2/l) 

   

410 2,330 6,255 

0.3 10.7 30 

0 5.3 23 

7.7 96 267 

<0.01 <0.01 <0.01 

<0.05 <0.05 <0.05 

<0.05 0.06 <0.05 

0.11 0.05 0.10 

<0.05 <0.05 <0.05 

<0.0005 n.d <0.01 

2,790 1,900 463 

19,850 28,300 43,700 

140 192 208 

7.0 52 175 

80 15 0 

Nutrients and bacteria 

Total phosphorus (mg P/l) 

Total nitrogen (mg N/l) 

Hydrogen sulphide (mg H2S/l) 

Sulphate reducing bacteria (SRB) (MPN) 

General anaerobic bacteria (GAB) (MPN) 

   

0.03 0.1 0.13 

0.2 19 52 

0 0 0 

0 4.5 n.d 

45 200 n.d 

⃰ Injection water = 65% sea water and 35% produced water     n.d = not determined 
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APPENDIX 3 EXPERIMENTAL DATA FOR DIFFERENT SYSTEMS 

Appendix 3-1  il  rine inter acial tension at di  erent sodium acetate concentrations at 

    C 

 Drop diameter (mm) Interfacial Tension (mN/m) 

Concentration: 0.2g/L 

Density: 1.1878 g/cm
3
 

0.71 0.693 

0.69 0.639 

0.68 0.616 

0.69 0.639 

0.69 0.639 

0.69 0.624 

Average 0.69 0.642 

Concentration: 0.3g/L 

Density: 1.1879 g/cm
3
 

0.78 0.903 

0.80 0.993 

0.88 1.286 

0.92 1.503 

0.80 0.983 

0.95 1.654 

0.75 0.811 

0.91 1.465 

Average 0.85 1.200 

Concentration: 0.4g/L 

Density: 1.1880 g/cm
3
 

1.08 2.401 

0.91 1.456 

0.68 0.617 

0.76 0.838 

0.82 1.049 

0.88 1.314 

1.08 2.420 

0.70 0.654 

Average 0.86 1.344 

Concentration: 0.5g/L 

Density: 1.1881 g/cm
3
 

0.76 0.847 

0.97 1.749 

0.86 1.229 

0.90 1.390 

1.10 2.553 

1.04 2.146 

1.08 2.440 

0.94 1.579 

Average 0.96 1.741 

Concentration: 0.6g/L 

Density: 1.1882 g/cm
3
 

1.15 2.959 

1.17 3.081 

1.28 4.055 

1.27 3.923 
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1.16 2.997 

1.18 3.129 

1.24 3.677 

Average 1.21 3.403 

 

 

Appendix 3-   il brine inter acial tension  ithout sodium acetate at     C 

 Drop diameter (mm) Interfacial Tension (mN/m) 

Density: 1.1876 g/cm3 

0.76 0.856 

1.12 2.685 

0.91 1.466 

0.98 1.806 

1.18 3.167 

1.20 3.300 

1.12 2.685 

1.24 3.650 

Average 1.06 2.452 
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Appendix 3-3 Oil/Sea water interfacial tension at different sodium acetate concentrations 

at 60°C 

 Diameter (mm) Interfacial Tension (mN/m) 

Concentration: 0.2g/L 

Density: 0.9929 g/ cm
3
 

1.39 5.166 

1.36 4.841 

1.36 4.868 

1.36 4.841 

1.36 4.814 

1.39 5.175 

Average 1.37 4.950 

Concentration: 0.3g/L 

Density: 0.9930 g/ cm
3
 

1.35 4.760 

1.37 4.959 

1.36 4.878 

1.40 5.329 

1.36 4.806 

1.38 5.202 

Average 1.37 4.986 

Concentration: 0.4g/L 

Density: 0.9931 g/ cm
3
 

1.26 5.203 

1.25 5.067 

1.25 5.067 

1.25 5.067 

1.24 4.968 

1.24 4.968 

Average 1.25 5.058 

Concentration: 0.5g/L 

Density: 0.9932 g/ cm
3
 

1.25 5.068 

1.26 5.203 

1.27 5.338 

1.25 5.140 

1.25 5.140 

1.25 5.068 

Average 1.26 5.158 

Concentration: 0.6g/L 

Density: 0.9933 g/ cm
3
 

1.24 5.041 

1.26 5.212 

1.26 5.239 

1.26 5.239 

1.27 5.312 

1.28 5.447 

Average 1.26 5.248 
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Appendix 3-4 Oil/Sea Water Interfacial Tension without Sodium Acetate at 60°C 

 Diameter (mm) Interfacial Tension (mN/m) 

Density 0.9927 g/cm3 

1.32 4.435 

1.33 4.498 

1.32 4.381 

1.32 4.381 

1.38 5.012 

1.38 5.012 

Average 1.34 4.624 
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Appendix 3-5 Oil/Brine interfacial tension at different surfactant concentrations at     C 

 Diameter (mm) Interfacial Tension (mN/m) 

Concentration: 0.2g/L 

Density: 1.2081g/cm
3
 

0.61 0.439 

0.59 0.393 

0.60 0.409 

0.59 0.393 

0.61 0.439 

0.60 0.409 

Average 0.60 0.414 

Concentration: 0.3g/L 

Density: 1.2082 g/cm
3
 

0.60 0.415 

0.63 0.481 

0.60 0.409 

0.60 0.415 

0.59 0.393 

0.60 0.415 

0.57 0.361 

Average 0.60 0.413 

Concentration: 0.4g/L 

Density: 1.2083 g/cm
3
 

0.58 0.382 

0.57 0.356 

0.59 0.399 

0.58 0.367 

0.61 0.433 

0.61 0.433 

Average 0.59 0.395 

Concentration: 0.5g/L 

Density: 1.2084 g/cm
3
 

0.57 0.356 

0.58 0.383 

0.59 0.383 

0.58 0.383 

0.59 0.388 

0.59 0.388 

Average 0.58 0.381 

Concentration: 0.6g/L 

Density: 1.2085 g/cm
3
 

0.56 0.332 

0.58 0.383 

0.57 0.356 

0.56 0.337 

0.56 0.332 

0.58 0.367 

Average 0.57 0.351 

 


