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Abstract 
 

Enhanced oil recovery can be obtained by flooding the reservoir with chemical fluids. 

However, complex interactions between the crude oil components, floodwater composition 

and reservoir rock minerology have to be comprehended in order to exploit the potential 

efficiency of these techniques.   

This thesis will focus on the effect of varying the water composition on the crude oil/water 

interfacial tension. The pendant-drop method was utilized for dynamic interfacial tension 

measurements, where the equilibrium interfacial tension was estimated by two different 

calculation-methods. The aim of this investigation has been to inspect whether differences in 

interfacial activity can be related to differences in the composition for two medium density 

crude oils, both retrieved from the North Sea. Organic analysis techniques imply that one of 

the crude oils is highly acidic and biodegraded, while the other oil is high in asphaltene 

content. Multivariate analysis methods have been utilized in order to develop an experimental 

plan and to identify the most significant variables at different conditions. 

At simulated reservoir conditions, i.e. pH close to neutral, both crude oilsô interfacial activity 

showed relatively low variance with respect to changes in ionic strength and concentration of 

divalent ions. At caustic conditions, it was discovered that the emulsion stability increased 

drastically for the acidic oil dispensed in water at low ionic strength and in the absence of 

divalent ions. Addition of Ca
2+

 completely eliminated the high interfacial activity. 

Furthermore, it was found that the crude oil with the higher asphaltene concentration reacted 

completely different at these conditions, and did not form stable emulsions. To the contrary, 

high water phase ionic strength promoted drastic changes in the crude oilôs consistency.  

Overall, pH appeared to be the most efficient promoter for reductions in the interfacial 

tension. The variance in crude oil acidity and asphaltene concentration was hypothesized to be 

the main sources of observed differences in interfacial activity.  
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1. Background 
 

1.1. Introduction 

Approximately 60% of the oil is left behind in the reservoir after termination of conventional 

production methods [1-3]. In order to increase the recovery efficiency, a variety of techniques 

collectively denoted enhanced oil recovery (EOR) have been developed and extensively 

researched. This thesis will be concerned with the EOR-technique referred to as chemical 

injection. The recovery efficiency of this method relies on the specific chemical composition 

of the flood water that is injected into the reservoir [3].  

Enhanced recovery by utilizing chemical injection has been reported by various researchers 

[2, 4-6]. However, EOR demand a long-term commitment to high-cost techniques without the 

guarantee of immediate success. The problematic aspect emerges in the attempt to correlate 

the observed recovery benefits to the recovery techniqueôs physical-chemical conditions. 

These conditions are governed by complex crude oil/water/reservoir rock interactions [1-5, 7]. 

Thus, identification of the mechanisms and optimum conditions for chemical injection has 

been the main aim of this field of research, and will be the objective of this thesis. 

 

1.2. Enhanced oil recovery 

Conventional production methods include the exploiting of natural reservoir energy and 

subsequent augmentation of the reservoir pressure by utilizing an external source, e.g. 

injection of gas or water. The two techniques substitute the primary and secondary recovery 

stages [3, 8].  Tertiary recovery techniques are initiated once primary and secondary recovery 

no longer proves efficient [2, 3, 8]. The three main techniques implemented at the tertiary 

stage are thermal injection, gas injection and chemical injection. [5, 8-11].  

The efficiency of tertiary methods depends on the ratio of viscous forces to interfacial tension 

forces. This relationship can be summarized by the capillary number (Equation 1-1) [2, 3].  

.
ʈʉ

ɾÃÏÓʃ
 

 

Equation 1-1 
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Where Nc is the capillary number, ʈ is the dynamic viscosity of the liquid, ʉ is the velocity, ʃ 

is the contact angle and ɾ is the interfacial tension (IFT). The capillary number has to be 

maximized to increase the mobilization and displacement of residual reservoir oil. This can be 

obtained either by increasing the floodwater viscosity or by decreasing the IFT [3]. 

 

1.2.1.   Chemical injection 

Chemical injection utilizes different compositions of floodwater to aim at altering the 

equilibrium conditions in the reservoir. Two criteria must be met in order for this to be 

obtained. The first is related to the sweep efficiency of the injected fluid, i.e., its ability to 

reach the reservoirôs capillary-like pores and come into contact with the trapped oil. The 

second criterion is the injected fluidôs ability to displace the trapped oil once in contact [3]. 

The latter is analogous to the fluidôs ability to reduce the IFT between trapped crude oil and 

injected water, and ultimately increasing the capillary number (Equation 1-1). The IFT is 

defined more precisely in Chapter 1.6, but can be considered as a measure of the 

immiscibility of two fluids [3, 12].  

In a reservoir pore-space containing two immiscible phases, e.g., crude oil and water, water 

tends to wet the pore-walls at equilibrium conditions (Figure 1-1). Wetting is defined as a 

fluidôs tendency to spread on a solid surface [3, 12]. This property is quantified by the contact 

angle between the fluid and the solid, which can take on values from 180
o
 (complete wetting) 

to 0
o
 (completely non-wetting). In real crude oil/water/reservoir rock systems, the contact 

angle is an intermediary value.  

 

Figure 1-1: An illustration of crude oil trapped in a 

capillary pore-space in a permeable reservoir rock.  
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A distinct interfacial film will form spontaneously between the liquid phases. Due to water 

having a higher density than crude oil, the buoyancy force will position the oil at the inner 

part of the capillary pore-space, where it is inaccessible for oil production. The crude oil 

pressure immediately above the interface will be higher than the water pressure directly below 

the interface. This pressure-difference is denoted capillary pressure [3]. At capillary 

equilibrium, the capillary pressure is directly proportional to the interfacial tension existing 

between the two fluids, defined by Equation 1-2 [3, 12]. 

 

Ў0 0  0
ςɾÃÏÓʃ

Ò
 

Equation 1-2 

Where ȹP is the capillary pressure and subscripts NWP and WP refers to pressures of the 

non-wetting phase and wetting-phase, respectively. ɔ is the interfacial tension, ɗ is the contact 

angle between the wetting-phase and the solid pore-wall and r is the radius of the pore throat, 

as displayed in Figure 1-1. In a permeable reservoir rock, the capillary pressure is the force 

required to displace the crude oil droplets through the pore throat [3]. By reducing the 

interfacial tension between the two phases, this force is correspondingly reduced, thus 

allowing the trapped oil to be displaced more readily.  

 

1.3. Mechanisms in chemical injection 

As early as 1925, P. G. Nutting concluded that sand grainôs affinity for hydrocarbons were 

completely destroyed by the use of salts for a strong base [9]. Cooke et al. [5] later suggested 

the following mechanism for displacement of crude oils with alkaline water: (1) drastic 

reduction in the crude oil/water IFT, (2) wetting of the matrix grains by oil, (3) formation of 

water drops inside the oil phase, and (4) drainage of oil from the volume between alkaline 

water drops to produce an emulsion containing very little oil. This mechanism has been 

supported by subsequent reports, and the general process is described by Speight [8, p126] as 

IFT reduction followed by spontaneous emulsification or wettability alteration. 

Stable crude oil/water (CO/W) emulsions can be obtained by adding surfactants or by 

activating the natural surfactants in the crude oil [13, 14]. The latter is facilitated by adding 

basic species that promote saponification of amphiphilic molecules to make their compounds 

more hydrophilic. However, mixed injection fluids are often necessary for emulsification 
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alone to provide adequate sweep efficiency. This can involve alkaline or low salinity injection 

water with added polymer or surfactant (Figure 1-2) [8].  

 

Figure 1-2: Oil recovery by chemical flooding [15]. 

 

 

1.3.1.  Effect of floodwater salinity 

Saline water is defined as water that contains a significant amount of dissolved salts. Low-

salinity water (LSW) is usually characterized as water with a salt concentration of 1 to 3 parts 

per thousand (ppt), whereas high salinity water (HSW) has a salt concentration of 10 to 35 ppt 

[16].  The cations commonly used to alter water salinity are those of alkali and earth-alkali 

elements, particularly sodium, calcium and magnesium. The recovery efficiency associated 

with water phase salinity is commonly discussed as an electrostatic phenomenon of CO/W 

emulsion stability [1, 4, 17]. In this case, the ionic strength of the water-phase (defined in 

Chapter 1.7) is the conventional property of interest.  

The EOR-effect of LSW injection has been most successful in combination with surfactant or 

polymer flooding, where LSW is injected during secondary recovery [6]. EOR-effects at 

tertiary recovery stages suggest that electrical double-layer expansion is a dominant 

mechanism [1, 4, 6, 18]. However, the large diversity of salts naturally present in the 

formation water pose some challenges with respect to controlling the optimum salinity 

conditions once they are identified [4, 7].  Rock minerology has also been found to play a 

central role in obtaining wetting-alteration by LSW injection [1, 4]. 
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1.3.2.  Effect of floodwater alkalinity 

Alkaline water contains negatively charged ion species that are associated with the alkali and 

earth-alkali group elements. Typical species found in alkali water are carbonates, oxides and 

hydroxides. These species have basic properties and therefore elevate the pH of water [16]. 

Caustic Soda (NaOH) is frequently used in the alkaline waterflooding, in which ñcausticò is 

used to denote the water phase [10, 19, 20].   

The effectiveness of alkaline flooding relies on the degree of in situ formation of surfactants 

during the neutralization of petroleum acids in the crude oil by the alkaline chemicals in the 

displacing fluids [8]. Several studies have concluded on the positive EOR-effects of alkaline 

waterflooding [5, 10, 13, 19-23], and it has been utilized in fields containing crude oils of 

high acid numbers [8]. However, it has been found that the responsible mechanism for IFT-

lowering highly depend on the type of metal cations present in the formation water [5, 10, 18-

20, 23, 24]. 

 

1.4. Crude oil 

Petroleum is defined as naturally occurring mixture of hydrocarbons, which may also include 

compounds of sulfur, nitrogen, oxygen (heteroatoms), metals and other elements [25]. The 

composition of crude oil varies with geographical location, depth and age of the field, but can 

be categorized in terms of main group compounds or fractions. Figure 1-3 [26] provides an 

overview of the most occurring components found in crude oils. Other common groupings are 

based on fractions of saturates, aromatics, resins and asphaltenes (SARA-fractions) [8]. 

a) b) 

 

 

b) d) 

  

Figure 1-3: An overview of the most abundant species found in crude oils [26]. a) Paraffins, b) 

naphthenes, c) aromatic hydrocarbons and d) sulphur-containing aromatics. 
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1.4.1.  Interfacially active components in crude oil 

The crude oil components of main interest to this thesis are those which are interfacially 

active. In physical terms, these are the species that gain a free energy profit by migrating from 

the crude oil bulk to the interfacial area. In chemical terms, these are the components that 

possess an amphiphilic structure. An amphiphilic compound is composed of a polar, 

hydrophilic part and a nonpolar, hydrophobic part [12]. The hydrophilic part can be alcohols, 

amides, ethers, electronegative heteroatoms (NSO) or basic or acidic functional groups. The 

hydrophobic part is nonpolar hydrocarbons that can be structured in a large variety of simple 

chains or cyclic arrays with alkyl-groups [8, 14, 27]. These molecules are commonly referred 

to as ñsurface active agentsò or ñsurfactantsò, due to their spontaneous adsorption at the 

interfacial region [12]. 

The most common interfacially active molecules in crude oil are asphaltenes, resins and 

naphthenic acids [5, 8, 14, 27-29]. The latter is used as a collective reference to carboxylic 

acids present in crude oil [29-31]. Naphthenic acids thus have the general formula RCOOH, 

where R is a cycloaliphatic structure [31]. These are quantified by the crude oil total acid 

number (TAN), while the basicity of the crude oil is quantified by its total base number 

(BAN) [13, 28].  

Asphaltenes and resins are heavy, naturally occurring molecules in crude oil with Mw 700 ï 

2000 g·mol
-1

 [13, 32]. Asphaltenes molecules are polyatomic sheets of cyclic alkanes 

surrounded by aliphatic branches containing some heteroatoms, polar groups (esters, ethers, 

carbonyls) and/or functional groups such as acids and bases [8, 13, 14, 32-35]. Van der Waals 

attraction and hydrogen bonding between these sheets may form aggregates in the order of 

Mw 10
4
 ï 10

5 
g·mol

-1
 [33, 34].  

 

1.4.2.  Biodegradation 

Crude oil biodegradation is the process of aerobe or anaerobe microbial degradation of light 

hydrocarbons in the oil. The consequence is an increase in crude oil density, emulsion 

stability and increased concentrations of polar NSO compounds and acids. [36]. Higher 

concentrations of acids may also result from products of the degradation process, as microbial 

growth is found to be promoted by organic acids as well as short-chained saturates. Thus, 

biodegradation entails an increase in interfacially active components, which are commonly 

denoted ñbiosurfactantsò [37]. 
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1.5. Acid/base equilibria in CO/W systems 

Several equilibria are involved in CO/W systems that contain naphthenic acids, as illustrated 

by Figure 1-4. The most important of these is considered to be the partitioning of non-

dissociated naphthenic acids at low pH, the dissociation of the carboxylic acid at pH above 

the acidôs pKa, and the continuous adsorption and desorption at the interface. At high pH, the 

formations of micelles in the water-phase and reverse micelles in the oil phase are also 

thought to affect the equilibrium [29, 31]. Dissociated acids may also form metal soaps with 

divalent salts, which tend to solubilize in the aqueous phase [24].  

 

 

Figure 1-4: Schematic illustration of the mass transfer of basic and acidic species 

across the CO/W interface. Adapted from [31].  

 

The ratio between the total acid concentration partitioned in the oil phase ([HA]o) to that 

partitioned in the water phase ([HA]w) is quantified as the partitioning coefficient (Equation 

1-3), which is a measure of an acidic surfactantôs relative solubility in the system.  

0
(!

(!
 

 

Equation 1-3 

 

It has been found that equal partitioning corresponds to the minima in the IFT [13, 24, 31]. 

Thus, optimum conditions for interfacial activity have often been estimated based on these 

parameters, with IFT-measurements at varying water phase pH and salinity as empirical 

evidence for the model. The effect of the water phase salinity on the solubility of amphiphilic 

organic molecules is denoted the salting-out effect. This effect is due to the disturbance in the 

solubilizing water-structure surrounding petroleum species, caused by the interference of 

dissolved inorganic salts. The following decrease in the solubility of petroleum species cause 

them to rather arrange at the interface, which allows for amphiphilic structures [24, 38, 39]. 
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1.6.  Interfacial tension 

The intermolecular forces existing in a system of two immiscible liquids will differ between 

bulk and the interface. Bulk molecules will experience an equal pull of forces in all directions, 

while interfacial molecules experience a net pull towards the interior, which consequently 

create an environment of higher energy for the molecules. This resistance to mix is 

manifested in the interfacial tension that forms in the interfacial layer separating the two 

liquids. This value is proportional to the energy required to bring a molecule from the bulk 

phase to the interface. More precisely, the interfacial tension is the mechanical energy 

required to create a new unit interfacial area between two immiscible liquids [12, p26].  

The IFT (ɔ, mN·m-1
) is proportional to the capillary pressure (ȹP) and inverse proportional to 

the degree of drop-curvature (defined by radii R1 and R2), as is displayed in the Young-

Laplace equation (Equation 1-4, [40]). This equation can be derived directly from the 

capillary pressure equation modelling the reservoir pore-space, as displayed by Figure 1-1 

and Equation 1-2. 

Ў0  ɾ
ρ

2

ρ

2
 

 

Equation 1-4 

IFT is a time-dependent property [10, 18, 22, 23, 27, 29]. By monitoring the IFT as a function 

of interfacial age, information about the extent of various dynamic processes can be extracted 

and compared to variations in the CO/W combinations.  The decay of the IFT as a function of 

time-dependent reorganization at the interface has been proposed to follow the 

monoexponential decay-function in Equation 1-5 [13, 23, 29, 32, 41]. 

ɾ4 ɾ ɾ ɾ Å Ⱦ Equation 1-5 

where T is the drop age and Ű is the characteristic time constant for interface reorganization 

and subscripts eq and o refer to the equilibrium (T>Ű) and initial (T=0) IFT, respectively. The 

most widely accepted dynamic mechanism for interfacial equilibration is that the rate-

determining step is diffusion-controlled, i.e., the rate of diffusion to- and across the interface 

is slower than the rate of interfacial reactions [18, 19, 29, 32]. It has also been reported that 

the dynamic IFT may possess a characteristic minimum value, followed by a gradual increase 

towards a plateau [10, 18-20]. This behavior has been attributed to the onset of convective 

diffusion across the interface, especially in the case of caustic CO/W systems containing Ca
2+

 

or surfactants, which may promote the hydrophilic character of crude oil species.  
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1.7.  The electrical double-layer 

The electrical double-layer (EDL) is the structure that is formed in the vicinity of the 

interface. It is described in terms of the electrical surface potential (ʕ ) relative to the 

potential in the bulk solution. The surface potential is modeled as a concentration profile, 

‪(x), where x is the distance from the interfacial film (Equation 1-6). The inner layer (at 

distance x=‏) is modeled as a monolayer of counter-ions that is almost equal to the amount of 

ions required to neutralize the surface charge (Figure 1-5). This is denoted the Stern-plane, 

and has a potential ʕ . This is often taken to be more or less equal to the zeta potential (‒), 

which is the conventional measure of electrostatic emulsion stability [12].  

At distance x >‏, the Gouy-Chapman model for the diffuse layer explains the potential 

profile, in which the remaining surface charge is neutralized by bulk-ions moving freely back 

and forth across the EDL. The thickness of the EDL is governed by the Debye length (ʆ , 

Equation 1-7). The Debye length decrease as the ionic strength (Equation 1-8) of the bulk 

phase increase [12]. Thus, it provides an important theoretical background for inspecting the 

colloidal stability of emulsions.  

 

 

 

ʕØ ʕÅ  

ᵿ 

ʕØ
ʕ

Å
 

 

 

 

 

 

Equation 1-6 

Figure 1-5: The Stern-model for the electrical double-

layer [12, p480]. 
  

 

ʆ
ʀʀ24

ςπππÅ. )
 

 

Equation 1-7 

 

)
ρ

ς
ÚÍ  

 

 

Equation 1-8 

Where Ů is the dielectric constant for the solvent, Ů0 is the permittivity of free space, R is the 

gas constant, T is the absolute temperature, e is the elementary charge and NAV is Avogadroôs 
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number. I is the ionic strength, where zi and mi are the valency and molality of ionic 

component i, respectively. 

 

1.8. Thesis objective 

The objective of this thesis is to correlate the crude oil composition to the IFT in a CO/W 

system. Two crude oils will be characterized by selected organic analysis techniques, and the 

pendant-drop technique will be used for IFT-measurements. The experimental domain of 

main interest to this thesis is that of reservoir conditions, where the pH is close to neutral, and 

caustic conditions, where NaOH is introduced to increase the pH. Both conditions will be 

investigated at varying ionic strength and Ca
2+

 concentrations.  

The ionic strength will be modeled as displayed in Equation 1-8, while the presence of 

divalent cations will be evaluated as the unit-less molar fraction of Ca
2+

, as displayed in 

Equation 1-9. 

8
Î  

Î  Î  Î
 

Equation 1-9 

Where XCa2+ is the molar fraction of Ca
2+

 and nx is the amount of ion specie X present (Ca
2+

, 

Na
+
 and Cl

-
) in units of mole.  

The experimental plan will be developed and interpreted in a multivariate framework. The 

rationale for utilizing multivariate design methods in this thesis is to obtain as much 

information as possible from the experiments performed. Additionally, multivariate designs 

offer a good assortment of graphical representations of the underlying structure in the data. 

Univariate interpretations of data will also be utilized in cases where this is best suited for the 

information of interest.  

Also, data from a more comprehensive study of this thesisô inquiry, performed by Buckley et 

al. [23, 41-44], will be interpreted in a multivariate framework. This database is sufficiently 

large for exploiting the full potential of multivariate methods. The crude oils utilized in this 

thesis will also be integrated in this dataset.  
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2. Crude oil characterization 
 

2.1.  Whole Oil Gas Chromatography 

Gas chromatography (GC) separates mixtures into individual components by vaporization, 

which allows for the identification of each component present, as well as their concentration. 

The separation of mixtures in GC is time-dependent, i.e., the vaporize mixture-components 

pass through the column at different rates. This is due to the different componentôs individual 

affinity for the stationary and mobile phase [45]. The mobile phase used in this thesis is 

Helium gas, while the stationary phase is a fused silica column. Thus, polar components will 

be slowed down by electrostatic association with the silica coating on the column walls, while 

non-polar components will associate with the inert Helium gas and flow through the column 

more quickly. Figure 2-1 shows the components involved in the GC-apparatus. 

In this thesis the sample material is non-diluted crude oil, which is referred to as Whole Oil 

GC (WOGC). For high sample concentrations (the analyte constitute >0.1 % of the sample), 

like that of WOGC, it is necessary to use high split-ratios (70:1 ï 100:1) and/or low injection 

volumes (Ò 1ÕL) to obtain good quality chromatograms [46]. The split-ratio correspond to the 

portion of the sample that does not reach the column, i.e. a 100:1 split-ratio means that one 

part reaches the column while 100 parts does not (1 %).   

 

 

Figure 2-1: Schematic of gas chromatography instrument [46, p148] 



12 

The end terminal of the column is equipped with a Flame Ionization Detector (FID) that has 

high sensitivity towards organic components. The FID is a small H2-Air flame that is warm 

enough to produce CHO
+
-ions from the CH-radicals following with the Helium gas [46]:  

 

#( /ᴼ#(/ Å Equation 2-1 

The flow of the produced ions constitutes a small current which is amplified and sent to the 

data acquisition system. The resulting chromatogram consists of peaks in which their 

placement in time corresponds to a characteristic mixture-component and the peak size 

(height or area) corresponds to the componentôs concentration [45].  

WOGC is also an efficient analysis technique for recognizing biodegradation in crude oils. 

This is visible in the form of broad inclinations in the baseline of the chromatogram, which 

are denoted unresolved complex mixtures (UCMs) [47].  

 

2.2. FT Infrared Spectroscopy 

Infrared spectroscopy is an analytical technique in organic and inorganic chemistry that takes 

advantage of the fact that molecules adsorb infrared light at frequencies that are characteristic 

of their structure. A molecule consisting of N molecules will exert 3N ï 6 vibrational modes, 

where each vibrational mode is characterized by a discrete value. This value is equal to the 

energy difference between two adjacent energy levels, i.e. the discrete quantity of energy 

sufficient to cause the atomic bond to vibrate, bend, stretch or rotate [48]. 

When the molecule is subjected to infrared radiation at this exact intensity, the molecule will 

adsorb the energy, thus reviling the atomic bonds it possesses. However, only bonds with a 

significant dipole moment will adsorb enough energy to be visible in the IR-spectra. 

Adsorption bands are measured in frequency-units denoted wavenumbers (in units of cm
-1

). 

Infrared light expands the region from 400 ï 4000 cm
-1 

[49].  

The IR-spectrometer utilized in this thesis applies a Fourier transformation (FT) to the sample 

scan, which allows for a computerized summation of scans to increase the signal-to-noise 

ratio. The Fourier transformation coverts the digitalized signals to a signal that is a function of 

frequency, which is proportional to the wavenumber reported in the spectra [48].  
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2.3. Density measurements 

The density of a material (ɟ) is defined as the materialôs mass (m) divided by its volume (V).  

ʍ
Í

6
 

Equation 2-2 

The density of crude oil is usually given in units of API gravity (American petroleum Institute 

gravity), which is related to the fluid density through the following equation: 

!0)
ρτρȢυ

3'
ρσρȢυȟ            ×ÈÅÒÅ 3'

ʍ
ʍ  

Equation 2-3 

Where API
o
 is the API gravity, SG

o
 is the specific gravity and ɟoil and ɟwater are the fluid 

density of oil and water, respectively. This specific gravity thus gives the density of a 

petroleum liquid relative to that of water.  API gravity is used to classify crude oils in three 

different categories, as shown in Table 2-1. 

Table 2-1: Categorizing of petroleum liquids with respect to API gravity [50].  

Category API gravity  
Fluid density, ɟ  

[g·cm
-3
] 

Light > 31.1
o
 < 0.870 

Medium 22.3
o
 ï 31.1

o
 0.870 ï 0.920 

Heavy < 22.3
o
 0.920 ï 0.100 

 

 

The method utilized for density measurements in this thesis is denoted ñthe oscillating U-tube 

methodò [51]. The tube is electronically excited to oscillate at its characteristic frequency 

(Equation 2-4). This frequency changes in response to the density of the sample. 

Ὢ
ρ

ςʌ

Ë

Í ʍϽ6
 ȟ       ×ÈÅÒÅ Ὢ

ρ

4
  

 

Equation 2-4 

Where f is the oscillation frequency, k is a power constant, ɟ is the density of the fluid, and m 

and V are the mass and volume of the oscillator, respectively. T is the period of the 

oscillation. By squaring and rearranging the equation and setting the mass of the oscillator 

equal to zero, we get the following: 

ʍ
Ë

τʌ6
4 !Ͻ4  

 

Equation 2-5 

 

ʍ ʍ !4 4  Equation 2-6 
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A is the instrumental constant, and is determined by rearranging Equation 2-6 and using a 

reference system consisting of fluids with known densities, e.g., for a water/air system (i = 

water). The density of water at 298,15 K is 0.997 g·cm
-3

 [52]. The density of air is dependent 

on atmospheric pressure (B), temperature (T) and relative humidity (F), which can be 

expressed as the following: 

 

ʍ πȢτφτφτ
" πȢπψωψχ&

4
ρπ 

 

Equation 2-7 

The density of i = crude oil is calculated from Equation 2-6 once the instrumental constant is 

determined.  

 

2.4. Asphaltene quantification 

Asphaltenes are defined as the crude oil fraction that is insoluble in alkanes, but soluble in 

aromatic solvents [14]. Alkanes that have the ability to precipitate asphaltenes are referred to 

as flocculants when utilized for this task. In this experimental work, the asphaltene-content is 

quantified by precipitation with n-heptane, i.e., the content of nC7-asphaltene.  

The quantitative results from asphaltene-precipitation depend both on the type of flocculant 

and the volume-ratio between crude oil and flocculant [53]. For a volume-ratio of 20:1 for n-

heptane and crude oil, the volume of n-heptane (Vn-hep) for precipitation of a crude oil mass 

(mCO) with known density (ɟCO) can be calculated by Equation 2-8. 

 

6
ρ

ςπ
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ʍ
 

 

Equation 2-8 
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3. Previous research on CO/W 
 interfacial properties 

 

3.1. Crude oil composition 

Many attempts [2, 18, 23, 31, 41, 43, 54, 55] have been made to correlate the crude oil 

composition to the IFT and emulsion stability of the CO/W system. Varadaraj and Brons [54, 

55] investigated both the effect of asphaltenes and naphthenic acidôs structure on interfacial 

activity. It was hypothesized that basic nitrogen-containing asphaltenes and crude oil 

naphthenic acids interact to form acid-base complexes that aggregate at the interface to reduce 

the IFT [55].  

To the contrary, Buckley et al. [23] reported that the wt% of asphaltenes was a crude oil 

property that showed positive correlation with the IFT, independently of variations in water-

phase pH and salinity. No explanation for this observation was presented, despite the 

conclusion that asphaltenes did not act as surfactants in the CO/W system.  

Poteau and Argillier [13] reported opposite results from IFT-measurements between different 

concentrations of asphaltenes dissolved in toluene, where it was found that the IFT decreased 

with increasing asphaltene-concentration. These results also showed indications of synergistic 

effects between asphaltenes and acids; a mixed composition of 5% maltene (the 

deasphaltened fraction) and 1% asphaltenes had an overall lower IFT than oil-fractions of 

either 1% asphaltenes or 5% maltene. Thus, the combined interfacial activity of asphaltenes 

and naphthenic acids present in the maltene-fraction was higher than the two fractions acting 

alone. Emulsion stability tests also indicated a stabilizing interaction between asphaltenes and 

naphthenic acids. This effect was different from the well-known interactions found between 

asphaltenes and larger resin-molecules, which are assumed to deprive asphalteneôs interfacial 

activity by solubilizing them in the oil-phase [14, 27]. The conclusion was, similarly as 

reported by  Varadaraj and Brons [54, 55], that asphaltenes and dissociated naphthenic acids 

co-adsorb at the interface at high pH, to reduce the IFT [13].  

Several studies have also been devoted to studying the correlation between crude oil acids and 

CO/W IFT. Many of these have focused on the correlation between crude oil TAN and IFT 

[10, 20, 41], while others suggest that the acid structure is more important with respect to 
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interfacial activity [31, 54, 56]. It should also be noted that crude oil TAN has been found to 

increase with crude oil BAN [41, 57]. Thus, many of the same mechanisms have been 

reported for crude oils with high BAN.  

Buckley et al. [23, 41] found that BAN and viscosity were most important for predicting the 

IFT at acidic conditions (pH ~3). At strongly basic conditions (pH >10), TAN was the most 

determining variable in predicting IFT, and the IFT was too low to be measured by the 

pendant drop. This conclusion was based on crude oils with TAN >0.1 mg KOH/g oil. Crude 

oils with low acid numbers (TAN <0.1 mg KOH/g oil) and varying base numbers (0.1Ò BAN 

Ò2.5 mg KOH/g oil) were measurable at all pH-values inspected, but had an abrupt decrease 

in IFT upon increasing the aqueous pH to 9-10. Thus, crude oil properties other than TAN are 

necessarily affecting interfacial activity at high pH [43].  

Jennings [20] reported a similar conclusion upon investigating 164 crude oils gathered from 

78 different fields. At caustic conditions, the surface activity was found to correlate to TAN, 

API gravity and viscosity of the crude oil. An IFT of <0.01 mN·m-1
 was measured for all 

crude oils with API gravity of <20
o
 in caustic solution, and 90% of these oils reached a 

maximum measurable surface activity at a caustic concentration of ~0.1 wt%.  

It is however important to note that both of these studies [20, 41] also reported considerable 

scatter between crude oil properties and the measured IFT. Correlations that were included in 

the conclusion may not necessarily be finite, but gives an indication as to what crude oil 

properties that promote IFT lowering, versus what properties that oppose it.  

Trujillo [10] concluded that TAN only provides a qualitative indication of crude oil reactivity 

in caustic solution. This was concluded upon fitting activity coefficients of the crude oil to 

increasing aqueous pH, and observing that the no correlation could be made between TAN 

and the activity of the crude oil. Thus, the interfacial activity at increasing pH was considered 

to be a combined effect of many different interfacially active species. For especially high 

TAN oils (~2.0 mg KOH/g oil), however, there was a significant decrease in IFT at caustic 

conditions compared to oils with TAN <1.0 mg KOH/g oil. 

At neutral conditions, i.e., in non-caustic solution, crude oil acids may affect the IFT as well. 

This is reported in studies where the IFT is correlated to the partition coefficient for CO/W 

systems [18, 24, 31, 56]. Thus, the difference in crude oilsô relative ability to solubilize their 

hydrophilic components, which are often modeled as acidic species, may influence the IFT of 

the system. Havre et al. [31] reported correlations between the partitioning of crude oil 



17 

naphthenic acid structures in acidic model oil/water systems and interfacial activity. A typical 

pKa of 4.9 was reported for the extracted naphthenic acids with two to three rings. This value 

has also been used by other researchers to model the diffusion and mass transfer in acid-

containing CO/W systems [28, 29], and is the same as the pKa for water-soluble aliphatic 

acids like cyclohexane carboxylic acid [52]. Additionally, Havre et al. [31] reported the 

naphthenic acids with three-ring structures were most hydrophilic, and that in general, the 

logarithm of the partition coefficient varied linearly with the number of carbons in the 

naphthenic acid molecule. The proposed model showed a misfit at pH>8. This was suggested 

to be due to the naphthenic acidôs ability to form micelles and reversed micelles in the bulk 

phases once a sufficient concentration of the acids have been dissociated. The model was 

coupled to IFT-measurements, which revealed minimum values to be present at pH-values 

almost twice the size of the pKa [31].  

Hoeiland et al. [56] studied three different model oils with various naphthenic acids extracted 

from crude oil. It was found that the most interfacially active oil was dominated by 

complicated ring structures of high molecular weight, while the least interfacially active oil 

was mainly composed of cyclohexane/cyclopentane acids. Also, the IFT as a function of 

aqueous pH was not lowered much upon diluting the oils. Thus, it was concluded that 

interfacial activity possibly is more dependent on acids structure than acid concentration [56].   

Interfacial activity in asphaltene-systems have been studied by Jeribi et al. [32], Langevin et 

al. [14] and Poteau and Argillier [13]. All  reported formations of rigid ñskinsò of bulk 

aggregates of asphaltenes that form irreversibly at the CO/W interface. Langevin et al. [14] 

proposed that in stable emulsions with dense, elastic and viscous skin-like surface layers, the 

surface rheology is more important than the interfacial tension. Poteau and Argillier [13] 

measured the elasticity of the CO/W interface (measured as the compression elastic modulus) 

as a function of pH, and found that it increased along with a decreasing IFT. Thus, it was 

concluded that, especially for high asphaltene concentrations, interfaces are more rigid at high 

and low pH, compared to neutral pH. Jeribi et al. [32] proposed that the size, growth and 

stability of these aggregates depended on the crude oilôs ability to solubilize the asphaltenes. 

Poor solubility led to larger aggregates due to their preferred interaction with each other rather 

than with the oil-phase. It was also found that interfacial reorganization was more rapid at 

high asphaltene-concentrations [32]. 
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3.2. Water composition 

3.2.1.  pH 

The IFTôs pH-dependency in CO/W systems has been confirmed in various literature [5, 10, 

18, 19, 21-23, 28, 58]. The IFT is generally reported to be highest near neutral pH, whereas it 

decreases at low or high pH, due to the increased concentration of interfacially active ionized 

species [13, 24].  

Farooq et al. [18] reported pendant-drop measurement between pH-regulated water and three 

different oil phases: one where acidic species were extracted, one where basic species were 

extracted and one non-threated crude oil. The non-acidic fraction had consistently higher IFT 

at basic pH conditions, which was attributed to the lack of acid dissociation. However, the 

acid-containing crude oil also had a lower IFT at neutral pH, indicating that also non-

dissociated acidic components are interfacially active. The non-basic fractionôs IFT was 

slightly higher at low pH, which was attributed to the lack of base protonation [18].  

It has been reported that more than one optimum occurs in the modeling of IFT as a function 

of pH. One optimum may be recognized at the onset of acid or base dissociation. This pH is 

related to the pKa or pKb, respectively. For naphthenic acids, the pKa has often been estimated 

to a typical value of 5 [28, 29, 31].  

Kelesoglu et al. [29] found large differences in the dynamic IFT for pH<5 compared to pH>5 

when utilizing model oils containing naphthenic acids with this pKa. Complementary zeta-

potential measurements revealed that the negative charge increased abruptly as the pH 

increased from 4 to 5. A further increase in pH caused a slow decrease in zeta-potential, 

before another abrupt decrease was observed as the pH increased from 10 to 11 [29]. 

Hoeiland et al. [56] found similar patterns upon inspecting various aqueous pH for models oil 

containing different concentrations of naphthenic acid. For the crude oil with the highest TAN 

(2.84 mg KOH/g oil), a smooth leveling of the IFT was found as the pH was increased to 5, 

followed by a sharp reduction at pH>8.  

A possible explanation of this trend in pH-dependence has been provided by Havre et al. [31]. 

It was suggested that the trend can be attributed to the difference between bulk-pH and 

interfacial pH in saline CO/W systems. A quantitative measure of this phenomena was 

adapted from the mathematical model derived by Cratin [59]. This model approximated the 

interfacial pH as a function of bulk pH and EDL effects, where the EDL was modeled as a 
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Boltzmann distribution of counterions. The consequence of this relation was that the 

interfacial pH was lower than the bulk-pH for negatively charged interfaces, which is the case 

at high pH. This means that the concentration of dissociate acids is higher in the bulk phase 

than at the interface. Calculations of the partition coefficient (Equation 1-3) showed that P = 

10
-5

 at the pKa of the acid. Thus, at pH å pKa, dissociated acids will be present and adsorb at 

the interface, but in very low concentrations. Consequently, the total concentration of 

dissociated and non-dissociated acids was found to be equal once the pH reached 5 units 

above the pKa, according to Cratinôs model. This approximation was validated by IFT-

measurements that showed an abrupt decrease occurred after the pH was raised to 9 ï 11, 

despite pKa-values being closer to 5 [31]. This would also explain the consecutive optimum at 

pH 10 ï 11 in Kelesoglu et al.ôs zeta-potential measurements, as they also utilized naphthenic 

acids with pKa 5 [29]. It would also explain the IFTôs pH-dependence in Hoeiland et al.ôs 

study, which also assumed average pKa values of 4 ï 5 for naphthenic structures of 

monovalent alkyls, cyclic and aromatic [56]. 

 

3.2.2.  Ionic strength 

Standal et al. [24] investigated the connection between the partition coefficient and IFT for 

polar organic species in contact with various aqueous compositions. In general, lower IFT-

values were observed when monovalent ions were present. This was attributed to the salting-

out effect which evidently caused an increase in the partition coefficient to promote lower 

portions of interfacially active components to solubilize in the aqueous bulk phase. The 

salting-out effect was significantly higher for 0.5 M NaCl compared to pure water, but not as 

pronounced when increasing the salinity from 0.5 to 1.0 M NaCl. This was attributed to EDL-

effects, i.e., an optimum screening of the interfacial charge may exist between an ionic 

strength of zero and 1.0 M NaCl [24].  

Lashkarbolooki et al. [38] reported a decrease in the IFT between crude oil and saline water 

once the concentration of monovalent salts was increased past 1000 ppm. A subsequent 

increase was observed once the concentration was raised to 15 000 ppm. Alotaibi et al. [2, 4] 

have also reported the existence of optimums in the IFT as function of aqueous ionic strength. 

This is thought to be caused by an EDL-effect related to the optimum screening length (ʆ , 

Equation 1-7) allowing the maximum concentration of charged species to be accumulated at 

the interface. At this optimum, repulsion between charged interfacially active species is 

minimized, while simultaneously lowering their solubility in the bulk-phases to further 
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promote interfacial accumulation. Thus, further compression of the EDL-thickness past this 

optimum length may be related to some saturation of the interface in terms of available 

adsorption-area or charge neutralization. This mechanism is however highly debated, and is 

also considered to rely on the rock minerology of the reservoir system [1, 2, 7]. 

Farooq et al. [18] found that IFT reduction at caustic conditions was promoted by the 

presence of electrolyte, while pure water did not show any significant pH-dependence in the 

IFT. The explanation that was suggest was similar as that by Havre et al. [31], i.e. Cartinôs 

model [59] for the interfacial pH. In pure water, only H
+
 ions are available for screening of 

the negative interfacial charge. Thus, they accumulate at the interface and lower the interfacial 

pH compared to the bulk pH. Consequently, the dissociation of acids at the interface will be 

suppressed, and the IFT is not lowered as drastically. However, by increasing the ionic 

strength of the aqueous bulk phase, the H
+
 ions can be partitioned more uniformly instead of 

being accumulated at the interface. This will decrease the difference between the interfacial ï

and bulk pH, thus allowing more acids to undergo saponification at the interface, and lower 

the IFT [18].  

 

3.2.3.  Presence of divalent cations 

Trujillo [10] reported that the concentration of Ca
2+

 ions was the determining factor in 

obtaining ultralow IFT (<10
-3

 mN·m-1
) between crude oil with caustic solution. Also highly 

acidic crude oils were insufficient if [Ca
2+
] Ó 200 ppm.  Jennings [20] reported that [Ca

2+
] = 

25 ppm was sufficient to increase the IFT considerably, whereas [Ca
2+

] = 250 ppm disabled 

the IFT-reduction completely for all caustic concentrations Ò1% [20]. Sharma et al. [19] and 

Jennings [20] found that the IFT-reduction in caustic solution was observed at lower NaOH-

concentration if large concentrations of NaCl were present. The IFT was too high to be 

measured (by the spinning drop method) when Ca
2+

 was added, even at trace concentrations 

of <100 ppm [19]. Jennings [20] found that 131 of the 164 crude oils studied showed a 

marked surface activity against caustic solution. 90% of these crude oil samples reached a 

maximum measurable surface activity at caustic concentrations of ~0.1 wt%. However, these 

effects were lost once divalent ions were introduced to the system.  

Farooq et al. [18] suggested that Na
+
 cations and Ca

2+
 cations have two separate effects on the 

interfacial activity between crude oil and aqueous solution at elevated pH, i.e., in the presence 

of charged species. High Na
+
-concentrations were considered to compress the diffuse layer 
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surrounding the interface and result in more efficient screening of the repulsion between 

neighboring negative charges. On the other hand, Ca
2+

 will accumulate effectively at the 

interface and form strong complexes with dissociated acids. The complexes formed are either 

positively charged (Equation 3-1) or neutral complexes (Equation 3-2) [7, 18].  

2 #// #Á ᵶ2 #//#Á Equation 3-1 

ς2 #// #Á ᵶ2 #//#Á//#2 Equation 3-2 

Some researchers [18, 24, 30] have also found that Ca(OH)2 precipitation destroys the 

possibility of obtaining IFT results at sufficient concentrations of NaOH, due to the specieôs 

emulsifying effect. Ca(OH)2 particles are basic and can stabilize CO/W emulsions by 

interaction with acidic groups in asphaltenes, resins and/or naphthenic acids adsorbed at the 

interface [14].  

#Á ÁÑ ς/( ÁÑᵶ#Á/( Ó Equation 3-3 

Whereas several studies have found  a highly significant IFT-effect of Ca
2+

 ions at alkaline 

conditions, mixed reports have been presented on the effect at neutral pH-conditions [18, 24, 

38]. This may be attributed to the varying degree of dissociation constants that exist in the 

crude oil mixture. Ca
2+

-complexes may form as long as dissociated acidic species are present. 

However, if the pKa value is >7 it is necessary to increase the aqueous pH. Farooq et al. [18] 

did not observe Ca
2+

-complexation at high pH for crude oil where the acid-fraction had been 

removed prior to measurement, i.e. the presence of dissociated acids appeared to be necessary. 

Others [4, 38] have reported that Ca
2+

 also have efficient ionic screening abilities that served 

to enhance the effect of EDL-compression and interfacial accumulation of charged 

surfactants. 
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4. Method 
 

4.1. Multivariate data analysis 

Multivariate data analysis may be executed by utilizing pattern recognition systems (PRS). 

PRS is the scientific discipline of machine learning that aims at classifying data into a number 

of categories or classes [60, p169]. This involves the conversion of the original multivariate 

data into latent variables, i.e. fundamental factors that reflect the most important patterns from 

the original dataset, while reducing noise. Latent variables are, in other words, compressed 

variables and therefore more readily interpreted. This thesis will implement the PRS in the 

Sirius 9.0 software package. Sirius offers a range of graphical outputs to represent this data 

compression [61, 62].  

 

4.1.1. Experimental design 

Experimental designs offer a way of introducing consistency and aim to your experimental 

data gathering procedure [63]. The aim is to extract the most relevant information by carrying 

out as few experiments as possible within the experimental domain.  

The variables (x1, x2, é, xn) are set to one is high level (xi = +1) and one is low level (xi = -1). 

This constitutes a factorial design on two levels, in which variables are referred to as factors. 

The number of experiments needed for a full design with n variables is thus 2
n 

[64]. The 

variation in the response at varying factor-levels is summarized in an empirical model: 

Ù ɼ ɼØ ɼØØ

 

‐ Equation 4-1 

Where ώ is the predicted response as a function of n independent variables x1, x2, é, xn and 

ɓ0, ɓ1, ɓ2, ... ɓn are the regression coefficients. The third term from the left is the interaction 

term, which accounts for two-factor effects on the response, and Ů is the residual, i.e., ώ ώ. 

Regression coefficients can be obtained directly from the experimental design matrix through 

applying Yateôs algorithm
1
 [65].  

                                                 
1
 for an elaboration on this method, visit http://www.itl.nist.gov/div898/handbook/eda/section3/eda35i.htm  

http://www.itl.nist.gov/div898/handbook/eda/section3/eda35i.htm
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The choice of variable-levels is of crucial importance to the resultant response. If the two 

levels are too close in magnitude, the variation in response values will not be significant, 

whereas if they are too far apart, optimum configurations that might exist in between the 

levels can be missed. Extreme values can also cause the response to move away from the 

smooth area of the response surface, and onto areas that are beyond control [63, 66]. The 

response-variable is most likely not a line or plane, but a curved surface. Therefore it will 

contain a set of variable-settings that define its optimal response which may be surrounded by 

local maxima and saddle-points. If variable-settings fall into one of these configurations, 

important information about the system will be lost. This may be avoided by initiating the 

research plan with a screening design, by adding centerpoints to the design and by utilizing 

central composite designs (CCD) instead of factorial designs [64, 65].  

 

4.1.1.1. Screening experiments 

Screening of variables can be carried out many different ways. The method used in this thesis 

is a screening of factors in two factorial designs with five independent variables (n=5) at three 

levels (3
5
 experiments). This design is reduced to only model two of the variables per design, 

thus reducing the number of experiments to 3
5-3

. 3 ï 5 parallels were performed for each 

experiment in order to determine the standard deviation.  

For the first screening (Table 4-1), the ionic strength and pH are threated analogously to a full 

three-level factorial design, whereas other variables of interest were held constant or varied 

parallel to the ionic strength. The second set of screening experiments (Table 4-2) was also 

performed with a three-level reduced factorial design, but executed for both crude oils. 

However, some variable combinations were excluded for further reduction of the design. 

Table 4-1: The experimental design for the first screening of variables. Ionic strength and pHi are full 

factorial variables while the molar fraction of Ca
2+

 is varied parallel to the ionic strength.  

Exp# Crude oil Xca
2+ 

I  [mol·kg
-1
] pHi  

1 A 0.13 0.40 3 

2 A 0.13 0.40 7 

3 A 0.13 0.40 11 

4 A 0.65 0.23 3 

5 A 0.65 0.23 7 

6 A 0.65 0.23 11 

7 A 0.00 0.09 3 

8 A 0.00 0.09 7 

9 A 0.00 0.09 11 

10* A 0.02 0.09 11 
 

*I ncluded to inspect the effect of adding trace-amounts of Ca
2+

 at basic conditions and low ionic strength 
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Table 4-2: The experimental design for the second screening of variables. The molar fraction of Ca
2+

 

and ionic strength are varied between three levels, but not in a complete factorial design. 

Exp# Crude oil XCa2+ I  [mol·kg
-1
] pH 

1 A 0.06 0.09 7 

2 A 0.24 0.41 7 

3 A 0.00 0.36 7 

4 A 0.26 0.10 7 

5 A 0.00 0.24 7 

6 A 0.06 0.24 7 

7 B 0.06 0.09 7 

8 B 0.24 0.41 7 

9 B 0.00 0.36 7 

10 B 0.26 0.10 7 

11 B 0.00 0.24 7 

12 B 0.06 0.24 7 
 

 

4.1.1.2. Centerpoints 

Centerpoints (CP) are added to the design if one suspects the response surface to be curved. 

An indication of this is when center points are not distributed evenly around the mean 

response for the design. For two-level designs, center points are chosen midway between the 

levels, i.e. xCP = 0 for all factors [63]. Centerpoints may also be used as a measure of the 

uncertainty within measurements.  

 

4.1.1.3. Central Composite Designs 

CCDs are quadratic model design where axial points (Ax) are added to the factorial design to 

estimate the curvature of the response surface [65]. The CCD used in this thesis is the face 

centered design (FCD).  This estimates the curvature within the main design by inspecting the 

center of each face for the factorial space (Figure 4-1). Hence, the axial points are chosen to 

be xAx = ±1. This is analogous to modeling three levels for each factor [64, 65].  

The disadvantage of the FCD is its inability to rotate around the center. Rotatability allows for 

the variance of the predicted response to be determined at any distance x from the center point 

[67]. To maintain rotatability, axial points for n factors are set at xAx = [2
n
]
1/4 

[65]. 

The main experimental design consisted of two face centered designs for two (I and XCa2+) 

and three (I, XCa2+ and pH) independent variables and one dependent variable (equilibrium 

IFT). The red parts of Table 4-3 refers to experimental points that were included in both the 

two- and three-dimensional FCD.  
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a) 

 

 

b) 

 

 Figure 4-1: Visual representation of face centered design for a) two factors and b) three factors. 

The black points are the experimental points and center point from the factorial design. The red 

points are the axial points. 

 

The designs were executed once for each crude oil. Four center points were included, to 

decide the reproducibility of the experiments, and to inspect the curvature of the response 

surface. Regression coefficients were calculated by Yateôs algorithm [68]. The coefficientôs 

significance on the model was determined based on their distribution in a normal plot. 

 

Table 4-3: The full FCD for three variables on two levels in Yateôs order, with four centerpoints (CP) 

and axial points (Ax). 

Exp # I  [mol·kg
-1
] XCa2+ pH 

Exp1 0.03 0.00 7 

Exp2 0.65 0.00 7 

Exp3 0.03 0.09 7 

Exp4 0.65 0.09 7 

Exp5 0.03 0.00 11 

Exp6 0.65 0.00 11 

Exp7 0.03 0.09 11 

Exp8 0.65 0.09 11 

Ax1 0.03 0.05 9 

Ax2 0.65 0.05 9 

Ax3 0.34 0.00 9 

Ax4 0.34 0.09 9 

Ax5 0.34 0.05 7 

Ax6 0.34 0.05 11 

CP1 

CP2 

CP3 

CP4 

0.34 

0.34 

0.34 

0.34 

0.05 

0.05 

0.05 

0.05 

9 

9 

9 

9 
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4.1.2. Principal Component Analysis  

Principal Component Analysis (PCA) describes the dataset in terms of uncorrelated, new 

variables called principal components (PCs). These are linear combinations of the original 

variables, decomposed into orthogonal variables. Principal components arrange in the variable 

ïand object space according to the direction of maximum variation, as is displayed in Figure 

4-2. The biggest advantage in using PCA is the intuitive interpretation of the resultant visual 

graphics, and the ability to easily inspect covariance between interacting variables [69]. The 

mathematical background for PCA will not be elaborated on in this thesis, but the reader is 

referred to the works of Isaksson and Næs [69]. 

The decomposition of the original data into latent variables can be illustrated as shown below.  
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X is a N M matrix composed on N objects and M variables. This is the raw dataset that is 

being decomposed into two parts; one which carries the information (TP
t
) and one which 

carries the noise (E). The T-matrix consist of the score vectors and the P-matrix consist of the 

loadings vectors. A loading plot represents the projection of the object space onto the 

decomposed PCs while the score plot represents the projection of the variable space onto the 

decomposed PCs. These plots can also be combined in a biplot to show the relationship 

between objects and variables [69]. 

 

Figure 4-2: A visual representation of a loading plot.  
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The explanatory powers of the PCs are dictated by the ratio of explained variance in the 

decomposed dataset as supposed to the original dataset. If the explained variance is low, then 

the PCs carry little information [69]. A possibility could be to include more PCs until the 

variance explained has reached a threshold value. However, the aim of PCA is to decompose 

the dataset to consist of as few variables as possible.   

The score plot can be interpreted with respect to the similarity between objects. Two criteria 

decide this: (1) The closer the objects are spaced, the more similar they are, and (2) the 

smaller the angle between the object vectors (measured with respect to the origin), the more 

similar they are [61]. Similarity between objects may also be inspected in a scores 

dendrogram. This presents the similarity between objects by comparing the euclidian distance 

between the objectôs score vectors. Score vectors that are closely spaced are similar, and 

hence are connected at the bottom of the dendrogram hierarchy [70]. 

The loading plot can be interpreted with respect to the covariance between variables, in which 

the following criteria apply: (1) the smaller the angle between the variable vectors (measured 

from the origin), the more positively correlated they are, and (2) the larger the angle, the more 

negatively correlated they are [61]. These are the measure of the reproduced correlation (r
2
) 

between the variables. The reproduced correlation between loading vectors A and B is found 

by the dot product, as displayed in Equation 4-2.  

ÃÏÓʃ
Øᴆ Øᴆ

ᴁØᴆᴁ ᴁØᴆᴁ
 

Equation 4-2 

 

 

The distribution of objects and variables in score ïand loading plots may also be interpreted 

in terms of the contribution of an object or variable to the PCA-model. Hence, this gives 

information about the object or variableôs importance with respect to the variation in the 

dataset. The principle for deciding this is that the larger the score/loading, the more the 

object/variable contributes. It is however unfortunate if one object contributes too much to the 

total model. Objects with large scores can be inspected in a RSD vs. leverage plot, where 

RSD is the residual standard deviation of the object. Objects with large RSD compared with 

leverage, or vice versa, should be considered removed from the model [61].   
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4.1.3. Partial Least-Squares Regression 

While PCA is effective in extracting information about the variance in X, partial least-squares 

(PLS) is effective in extracting information about the covariance between X and y [71]. Thus, 

the PLS-regression model decomposes the raw dataset into latent variables that explain as 

much as possible of the interdependence between the response-variable and the independent 

variables. The resultant PLS-model predicts the response (◐) analogously as for the 

experimental design model in Equation 4-1, but without considering interaction-terms.  

 

4.1.4. Pre-processing of data 

The raw data matrix is most likely subjected to noise, baseline drift, dominant variables and 

other interferences due to instrumental drift. These effects can lead to a biased view of the 

data if not processed prior to analysis [72]. This can be eliminated by standardizing the 

variables (Equation 4-3). However, in the case of chromatographic or spectroscopic data, 

standardizing will eliminate the information of interest by attributing each peak-value an 

equal variance. 

Ú
Ø Ø

Ó
 

 

Equation 4-3 

Where zij is the standardized object i in variable j, xij is the non-standardized object i in 

variable j,  Ø is the mean value of variable j and sj is the standard error of variable j.  

In PCA, the raw data matrix also has to be centered relative to the mean of the decomposed 

object ïand variable space. This allows object-similarities and variable-covariance to be more 

readily interpreted by their relative placement around the mean value of the dataset. This is 

executed as displayed in Equation 4-4, where ἦ is the centered matrix and ὀ is the 

transpose of the data matrix containing the mean object-values. ὀ is multiplied with a N×1 

unit matrix and subtracted from the original data matrix, X [69]. 

 

ἦ ἦ ὀ Equation 4-4 
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4.2. Materials 

Table 4-4 provides an overview of chemicals utilized in the experimental method. The two 

crude oils were supplied by Statoil ASA and originate from the North Sea, but from different 

fields. The crude oils are denoted crude oil A and crude oil B.  

Table 4-4: Overview of chemicals. 

Name (IUPAC) 
Mw 

[g·mol
-1

] 
Structure Supplier 

Purity 

[wt%]  

 

Sodium chloride 

 

58.44 

 

NaCl
 

 

Sigma-Aldrich 

 

>99.8 

 

Calcium chloride 

dihydrate 

 

147.01 

 

CaCl2·2H2O 

 

Merck 

 

>99.5 

 

n-decane 

 

142.29  

 

Sigma-Aldrich 

 

>99.5 

 

n-heptane 

 

100.21  
 

Sigma-Aldrich 

 

>99.5 

 

Hydrogen chloride 

 

36.46 

 

HCl 

 

Sigma-Aldrich 

 

>99 

Sodium hydroxide 40.00 NaOH
 

Sigma-Aldrich 

 

>98 

 

 

4.3. Whole Oil Gas Chromatography 

Both crude oils were measured with a WOGC apparatus form the 5890 Hawlett-Packard 

series II. The apparatus was equipped with a HP-ULTRA 2 column from Agilent 

technologies, with dimensions 25m×0.20mm×0.33µm. The output chromatogram was logged 

by the chameleon integrated software (v. 7.2) [73]. 

The crude oils were homogenized by heating to 50
o
C prior to measurement. A Hamilton 

syringe (10 µL) was utilized for injection of the warm sample. A sample volume of 

approximately 0.5 ±0.1 µL was injected trough the FID flame, which held an injection 

temperature of 260
o
C. Each measurement was done using a split injection with a 75:1 split 

ratio. The temperature program is displayed in Table 4-5. The syringe was washed three 

times with a 30:70 mix of DCM:MeOH, and then three times with hexane.  
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Table 4-5: Overview of the temperature program for WOGC. 

Temperature / temperature 

interval [
o
C] 

Hold time  

[min]  

Ramp  

[ᴈ/min]  

Time 

[min]  

30 10 - 10 

30 Ÿ 60 - 1.5 20 

60 0 - 0 

60 Ÿ 300 - 4.0 60 

300 0 - 0 

Total measurement time: 90 
 

 

 

4.4. Infrared Spectroscopy 

All samples were analyzed with a Nicolet Protegè 380 FT-IR instrument equipped with an 

Attenuated Total Reflection (ATR) diamond crystal. The crude oils were homogenized by 

heating to 50
o
C prior to measurement. A background specter was recorded to determine if the 

crystal was cleaned properly before applying the crude oil samples. The sample spectra were 

recorded with a 32-bit scan, and the average peak values were reported in the OMNIC 

integrated software (v. 7.3). The crystal was carefully cleaned with ethanol before, after and 

in between each measurement. Four parallels were measured for each crude oil, and the mean 

specter was analyzed in Sirius [61] by means of PLS with discrimination analysis.  

 

4.5. Density measurements 

The density was measured using a DMA 60 density meter from Anton Paar which is measures 

the fluid density based on Anton Paarôs law of harmonic oscillations. The density meter was 

equipped with a DMA 602 hollow, glass U-tube which holds 1 mL of fluid. The tube is 

placed inside a stainless steel tube that is surrounded by constant-temperature water from a 

connected water bath. The sample was injected into the hollow U-tube using a plastic syringe 

(5 ml). The oscillator was washed with the sample due for measurement prior to each 

measuring cycle. The sample is injected continuously until no air bubbles can be seen in the 

tube. The temperature can be assumed to be stable once period-readings are not fluctuating 

more than ±1·10
-6

.  

The first measurement was water/air, to determine the instrumental constant (Equation 2-6). 

The crude oil samples are then measured analogously, by utilizing Equation 2-6 and 

Equation 2-7 for the density of air. A consecutive measurement for air is performed before 
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and after each measurement to validate the accuracy of the instrument. The oscillator was 

washed with toluene, ethanol and acetone before, after and in between measurements. 

 

4.6. Asphaltene quantification 

This method was adapted from the method reported by Fonnes [74]. The crude oil samples 

were homogenized by slow-heating minor samples on a water-bath. The samples were shaken 

vigorously every 15 minute until they reached a temperature of approximately 50
o
C.  Sample 

masses of approximately 1 g homogenized crude oil was then weighed (±0.0001 g) in tared 

centrifuge glass-tubes. Four parallels were prepared for each crude oil.  

The n-heptane volume was measured with a glass pipette (10 ±0.006 mL) equipped with a 

peleus balloon. The appropriate volume of n-heptane (calculated from Equation 2-8) was 

immediately added to the samples. Slow addition of n-heptane and continuous stirring will 

avoid high local concentration of precipitate [53]. The samples were immediately sealed with 

a Teflon-lined screw cap and placed in a heating cabinet at 40
o
C overnight. Higher 

temperatures were avoided due to the existence of short-chain alkanes found to be present by 

WOGC, which would pose problems with pressure build-up.  

After being left to cool down to ambient temperature, the samples were put on a centrifuge at 

2000 rpm for 10 minutes. The maltene fraction was then removed by a glass-pipette. The 

following additions of n-heptane serve to wash away residue of the maltene fraction, and is 

not though to promote any further asphaltene precipitation. The washing-procedure (addition 

of n-heptane, heating to 40
o
C, centrifuging and removal of maltene-fraction) was repeated 

until the addition of n-heptane no longer obtained a coloring from the asphaltene-residue.  

After complete washing, the asphaltene precipitate and a small left-over maltene fraction from 

the last washing was left in a fume hood for two days, to allow the n-heptane solvent to dry 

off. The samples were then weighed, placed in an exicator for further drying, and then 

weighed again. Once the exicator had no further effect on the weight, the dry asphaltenes 

were quantified by means of weight per cent of original crude oil sample. 
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4.7. Interfacial Tension 

 

4.7.1.  Equipment 

Measurements were carried out on the video-based optical contact angle measuring 

instrument (OCA20) from DataPhysics [75]. The OCA20 utilizes the SCA20 integrated data 

acquisition system. Due to the surrounding phase (water) being denser than the drop-phase 

(crude oil), an inverted needle is necessary. The inverted needle (Figure 4-3a) has an 

inner/outer diameter of 1.65/1.19 mm and is 19 mm in length. The glass cuvette has an inner 

volume of 8 cm
3
. The OCA 20 is equipped with a high speed CCD camera, a light source and 

an automatically controlled piston for connecting the syringe (Figure 4-3). 

 

 

a) 

 

b)  

c)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: a) The stainless steel inverted 

dosing needle (dataphysics, top) and the 500 

µL syringe (Hamilton, bottom), and b) the 

glass cuvette (OG Hèlima). c) The OCA20 

apparatus and its three main components; 1: 

CCD Camera, 2: Illumination and 3: 

measuring cell. 
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4.7.2.  Sample preparation 

Appendix II contains tabulated values for water compositions for each experimental design. 

The desired water composition was prepared by weighting (±0.0001 g) and then left to stir for 

2 ï 3 hours until all the salt was dissolved. The initial pH (pHi) of the water phase is regulated 

using 1 M unbuffered solutions of HCl and NaOH. The concentration of NaOH and Ca
2+

 was 

kept below the solubility product in order to avoid Ca(OH)2 precipitation. 

The crude oil was homogenized by heating it on a water bath. The lid was loosened slightly to 

avoid pressure build-up upon heating. The glass bottle was carefully shaken from side to side 

and up-side-down every 15 minutes until it reached a temperature of 50
o
C. A CO/W emulsion 

was prepared in by adding 1 mL of crude oil, followed by 15 mL of water to produce a 7% 

CO/W emulsion. The water-phase was added to the oil-phase in portions of ~1 mL by a glass-

pipette, which allowed the two phases to mix. No additional shaking or stirring was 

performed. For all emulsions except for certain basic pH compositions, the crude oil started 

creaming momentarily after adding the water-phase, and an unstable emulsion is obtained 

within seconds. 

The CO/W system is left to equilibrate for 24 hours before the IFT-measurement in cases 

where the pH was included as a variable. The water phase was then extracted into a beaker by 

penetrating the oil phase with a glass pipette. A consecutive extraction was necessary to 

obtain a clear water phase. The final water phase pH (pHf) was measured with a metrohm pH-

meter equipped with a metrohm Cl-Ag calomel electrode. The electrode was calibrated prior 

to measurements, using metrohm buffer solutions in the range pH 2 ï 12. The water phase 

was then transferred to the measurement cell and the oil phase in drawn into the syringe.  

 

4.7.3.  The Pedant-drop Method 

The Pendant-drop method determines the profile of the drop of one liquid suspended in 

another liquid at mechanical equilibrium [12, 43, 75-77]. The pendant-drop is a transient 

method, i.e. the ratio of mass to interfacial area is set at the beginning of the experiment. 

Thus, changes in the interfacial area can be modeled as a function of interfacial age [23]. The 

shape of the pendant drop is influenced by two main forces; (1) the gravitational force and (2) 

the IFT between the drop phase and the surrounding phase. The relationship between these is 

quantified by the shape parameter (Equation 4-5), derived by Bashford and Adams [78]. For 

B ~0, IFT dominates the force acting on the drop, and the drop is almost spherical. For 
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0<<B<1, the gravitational force deforms the drop. The extent to which a spherical form is 

obtained is proportional to the IFT between the drop and the surrounding phase. This 

technique is denoted drop-shape analysis [75].  

"
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Equation 4-5 

 

Where B is the shape parameter, R0 is the radius of curvature at the apex of the drop, g is the 

gravitational constant, ȹɟ is the density-difference between the two phases and ɔ is the IFT. 

Additionally, the IFT can be modeled as displayed by the Harkins and Brown [79] equation 

(Equation 4-6). 

ɾ
6ЎʍÇᴆ

Äʌ&
 

 

Equation 4-6 

Where V is the drop-volume, d is the diameter of the needle and F is a dimensionless 

empirical correlation-constant fitted by the drop shape analyzer. The remaining parameters 

are analogous to Equation 4-5. 

The procedure for IFT measurements with the pendant drop method was adapted from the 

OCA20 user manual available at the laboratory [75]. The integrated SCA20-software served 

as a digital interface for dispensing the drop and logging the dynamic IFT (Figure 4-4 a and 

b). The IFT of n-decane was used as a standard reference for validating IFT-measurements of 

the crude oils. The IFT of n-decane was measured prior to ïand after all crude oil 

measurements.  

Some test runs were performed initially to determine the best suited drop-volume. By 

checking the box for ñcontinuous dosingò, the drop is dispensed until stopped manually. The 

ultimate drop volume is that in which the drop is stable with respect to the buoyancy force 

(does not slip the tip of the needle) but as large as possible. After this volume is decided, the 

drop dispense rate can be set to ñVery fastò.  

The lines depicted in Figure 4-4a are set at the far left side of the drop, each side of the needle 

tip, and the far right side of the needle. Preferences are set to detecting ñright dropò, to allow 

for maximum drop coverage of the screen.  The ñDynamic Trackingò-setting is enabled at 2 

frames pr. minute. This setting allows for an automatic drop-curvature detection and Young-

Laplace fitting (Equation 4-5) every 30 seconds. The dynamic tracking was enabled 
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immediately after the drop was dispensed, and continued for 60 minutes
2
. The glass cuvette 

and needle (and syringe, if the oil phase is to be changed) was washed three times with 

toluene, ethanol and water before, in between and after each experiment.  

 

a) 

 

b) 

 

c) 

 

 

 

 

 

 

 

 

 

 

Figure 4-4: a) the drop as displayed in the 

SCA20 integrated software, b) the dosing 

display, and c) the pendant-drop dispenced 

in water. 

 

It is important to note that the IFT of all samples were evaluated exclusively in terms of drop 

curvature. The density-difference between the crude oil and water phase was kept constant at 

ȹɟ=0.15 g·cm
-3

 for the IFT-calculation by the Young-Laplace fitting for all samples. The 

consequence of this is that the calculated IFT will only be affected by the relative changes in 

the independent variables, recorded exclusively as their effect on drop-curvature. However, 

this thesis is also concerned with the actual IFT-values between the crude oils and water. This 

property is of interest in comparative studies, which is carried out in this thesis as the meta-

                                                 
2
 Only applies to main experiments. Screening experiments continued until |ȹIFT/ȹDA|<0.05 mN·m-1

 for at 

least 10 consecutive minutes, which resulted in measurement times varying from 0.5 hours to 3 hours.  
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analysis of Buckley and Fanôs CO-Wet database. Thus, the IFT between crude oil and pure 

water, and crude oil and 0.1 M NaCl, will be measured with the actual fluid densities 

measured for the crude oils.  

 

4.7.4.  Determining the equilibrated IFT 

Failing to apply a systematic method for deciding the equilibrated IFT can introduce biased 

data, and is hence an important part of the experimental method. The most common method is 

choosing a sufficiently long equilibration time, and therefore letting the mass transfer across 

the interface run its course. This time-scale varies between 2000 seconds and 24 hours within 

the inspected literature, but equilibration of the IFT is considered obtainable within 1000 

seconds for most CO/W systems [22, 29, 41]. In this thesis, a method has been proposed for 

calculating an estimate of the equilibrium IFT after a 1 hour experimental run. A calculated 

example of the method is given in Appendix I, and a validation of the method is discussed in 

chapter 5.5. 

 

 

4.8. The CO-Wet database 

Buckley et al. [17, 23, 42, 43, 80, 81] have, in cooperation with the US Department of 

Energy, developed a Crude oil-Wettability (CO-Wet) database. All IFT measurements were 

recorded with the Pendant-drop method. The experiments utilized the OCA20 apparatus, by 

fitting the drop shape to the Young-Laplace equation (Equation 1-4). The IFT was estimated 

by using a model in Equation 1-5 with a total measurement time of 2000 seconds.  

IFT measurements with varying pH and brine salinity were carried out for 41 crude oil 

samples, to inspect whether crude oil properties are predictive of IFT, and vice versa. This is 

meant to facilitate core analysts in the task of relating capillary pressure measurements to 

different fluid pairs, or to design core floods with model fluids. This database is highly 

relevant to this thesis, due to the comprehensive set of variables and crude oils utilized, thus 

exploiting the full potential of multivariate methods. Table A-8 in Appendix IV reviews the 

variables included in the dataset. In this thesis, the CO-Wet database has been fitted to a PLS 

regression model, to inspect whether findings in this experimental work can fit into the 

correlations found in the CO-Wet database. Variable covariance has also been inspected by 

extracting a PCA loading plot. Both analysis were performed in the Sirius 9.0 software [61].  
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5. Results and discussion 
 

5.1. Whole Oil Gas Chromatography 

The chromatogram for both crude oils was interpreted by comparing it to the chromatogram 

obtained for Norwegian Standard Oil
3
 (NSO) [82]. 

 

Figure 5-1: A comparison between the WOGC-chromatograms for Norwegian Standard Oil (NSO, top) 

and crude oil B (bottom). The y-axis is in units of mV, while the x-axis shows time in units of minutes. 

 

It can be seen from Figure 5-1 that crude oil B is highly comparable to NSO. The presence of 

short hydrocarbons and small naphthenes can be seen by the peaks early the temperature-

program. Larger hydrocarbons (nC10+) in the characteristic normal-distribution start at 37 

minutes, until the reference double-peak for pristane occur at 65 minutes. The following 

peaks are high boiling point waxes (nC20+) that elute slowly at temperatures close to 300
o
C.  

Crude oil B contains a quite large unresolved complex mixture (UCM) at 60 ï 70 minutes. 

This indicates biodegradation of the oil. However, smaller hydrocarbons are still present, 

which implies that this process is most likely in the starting phase. To the contrary, the UCM 

observed in crude oil A (Figure 5-2) is accompanied with a very low abundance of small 

                                                 
3
 A full chromatogram of NSO from the Norwegian Industry Guide to Organic Analyses (NIGOGA) can be 

found at http://www.npd.no/engelsk/nigoga/default.htm  

http://www.npd.no/engelsk/nigoga/default.htm
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hydrocarbon components. This is a clear sign of biodegradation, due to microbial degrading 

preferring short-chained hydrocarbons while leaving larger molecules [83]. The peak at 1.880 

minutes is the nC6 peak from hexane, which was used for washing the needle. Therefore it is 

not likely to be a part of the composition in crude oil A. However, the four shorter peaks 

following the nC6-peak may be recognized as benzene and cyclohexane, followed by the more 

separated peaks that may be toluene. Larger hydrocarbons (nC13+) and waxes (nC20+) can be 

located from 45 minutes into the temperature program. 

 
Figure 5-2: A comparison between the WOGC-chromatograms for Norwegian Standard Oil (NSO, top) 

and crude oil A (bottom). The y-axis is in units of mV, while the x-axis shows time in units of minutes. 

 

5.2. Infrared Spectroscopy 

The results from IR-spectroscopy were analyzed by PLS-regression, where the IFT was 

chosen as the dependent variable. The IFT value of choice was the mean of the centerpoints 

from the FCD, which was 24.4 ±0.9 mN·m-1
 and 27.6 ±0.4 mN·m-1

 for crude oil A and B, 

respectively. Four parallells were executed for each crude oil. The scores dendrogram from 

discrimination analysis (Figure 5-3) clearly shows that two separate classes (i.e. crude oil 

samples) are modeled. The mean of the four parallels were used for the PLS-analysis. Peaks 

were characterized in accordance with characteristic vibrational frequencies reported by Pavia 

et al. [49]. 










































































