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ABSTRACT 

 

The decline in light crude oil reserves has led to an increase in the recovery of heavy and extra-

heavy crude oils, thus placing emphasis on some physical and chemical properties of the oils. 

One of such properties is the interfacial tension (IFT) which must be lowered to enhance the oil 

recovery. Alkaline flooding is one of the methods used to form surfactant in situ that helps in 

lowering the interfacial tension between oil and water, emulsification of oil and water, 

wettability alteration, and mobility enhancement. When injected into the reservoir, NaOH reacts 

with a long chain of carboxylic acids contained in crude oil to form surfactant which enables 

better sweep efficiency. In this study, the characteristics of tetrabutylammonium hydroxide 

(TBAOH) as an organic alkaline flooding are examined. Like the NaOH, TBAOH reacts with a 

long chain of carboxylic acid to form salt and water and this salt is considered as a surfactant as 

it lowers the interfacial tension.  

TBAOH has been observed carefully to find that it disperses the crude oil at 6% of TBAOH by 

volume of the brine. This shows that TBAOH can not only serve as Enhanced Oil Recovery 

(EOR) organic base but also as a dispersing agent in other applications that may include 

environmental remediation of oil spill. Additionally, on completion of the chapters in this 

project, one will find that TBAOH successfully have a positive effect (IFT reduction) on the IFT 

of Doba Chad crude oil. The critical lowest IFT observed was averaged to get 3.07mN/m at 0.4% 

of TBAOH. This project was made possible by the use of a complex machine “Site-100 Spinning 

Drop Tensiometer”. 
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CHAPTER 1: INTRODUCTION 

1.1 A Brief Review of Alkaline Flooding 

Alkaline flooding is a type of enhanced oil recovery that reduces the interfacial tension between 

the brine and crude oil phase when the formation of surfactant molecule occurs in situ thereby 

increasing the displacement of crude oil (Meyers, 2001). Alkaline flooding was first identified in 

1899 by Donnan (Chan, Sharma, & Yen, 1982). Alkaline flooding is identified as one of the 

methods to form surfactant in situ that helps in lowering the interfacial tension between crude oil 

and water, emulsification of crude oil and water, wettability alteration, and mobility 

enhancement (Dong, Ma, & Li, 2011). When injected into the reservoir, alkaline (e.g. NaOH) 

reacts with a long chain of carboxylic acids contained in crude oil to form surfactant which 

enables better sweep efficiency. TBAOH was also identified to foam and forms an emulsion 

when reacts with long chain fatty acids (Fameau, Ventureira, Novales, & Douliez, 2012). 

 

Surfactants are classified by the type of charge they carry termed anionic, cationic and non-ionic 

(Erbil, 2006). Speel and Poats (1964) stated that anionic has its hydrophilic head to be negatively 

charged ions and is referred to as the water-loving end whereas its tail is referred to as the oil-

loving end. As the opposite of anionic, the hydrophilic head for cationic surfactant bears 

positively charged ions and its hydrophobic tail bears no charge as recorded by Erbil (2006). 

Rosen and Kunjappu (2012) added that surfactant may carry both positive and negative charge in 

the surface active part that is termed Zwitterionic surfactants. Additionally, the non-ionic 

surfactants as mentioned and elaborated by Erbil (2006) do not contain any charge. The 

advantage of non-ionic surfactant is said to be that both of its ends (hydrophilic head and 
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hydrophobic tail) can vary in action of surface active when required. Examples of the 

classification of surfactants are listed below. 

C11H23COO
-
Na

+
 Anionic Surfactant (e.g: sodium dodecanoate)              [1.1] 

C12H25N
+
(CH3)3Cl

-
 Cationic Surfactant (e.g: dodecyl trimethylammonium chloride)     [1.2] 

C12H25(OC2H4)6OH Non-ionic Surfactant (e.g: dodecyl hexaoxylene glycol monoether)     [1.3] 

  

1.2 Objective 

The reduction in crude oil production may become a threat to the oil industry as the decrease in 

production will lead to a decrease in income earnings.  This can be seen the same way as drilling 

a well to discover heavy oil having a difficulty to flow. This research is been completed for the 

following reasons:  

 To investigate the effect of tetrabutylammonium hydroxide–brine on IFT of heavy crude 

oil using Site-100 Spinning Drop Tensiometer. 

 To examine the existence of carboxylic acids in heavy crude oil and its reaction with 

tetrabutylammonium hydroxide. 

Following the research by Zana et al. (2005), the critical micelle concentration (CMC) of 

TBAOH was recorded to be at 1.7mM when examined with C14 (myristic acid) using electrical 

conductivity method. Additionally, Fameau et al (2012) also recorded the CMC of TBAOH to be 

at 1.3mM using CDM230 Conductivity Meter. Considering the figure provided in appendix C by 

Fameau et al. (2012), the surface and interfacial tension of the fatty acids/TBAOH were recorded 

at 25℃ with respect to time which the decrease in interfacial tension was observed. CMC is 

the range at which surfactant shows a sudden change and at which micelles are formed (Moroi, 

1992); Micelles are collection of surfactant molecules dispersed in a liquid (Borisenko & 

Ossicini, 2012). The CMC for TBAOH recorded by Zana, et al. (2005) and Fameau et al (2012) 
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motivated my interest in the study of the IFT of TBAOH using spinning drop tensiometer on 

heavy crude oil. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Heavy Crude Oil 

Viscosity and specific gravity are part of the main physical properties of heavy crude oil (Huc, 

2011). The API value can be obtained if the specific gravity of the crude oil is known according 

to Huc (2011). See equation 2.1. 

API = (141.5/specific gravity) - 131.5                      [2.1]  

The specific gravity of a fluid can be calculated by dividing the density of the fluid by the 

density of water where the density of a liquid is the weight per unit volume of a liquid at a 

particular temperature (PDHengineer, 2013). Using the formula in equation 2.1, one should find 

that the lower the specific gravity will lead to an increase in the API value of the crude oil and 

vice versa. 

Viscosity of a fluid, on the other hand, is the measure of its resistance to flow. This resistance to 

flow can be caused by the internal friction of the fluid. The higher the fluid friction between the 

layers of the fluids, the higher the viscosity of the fluid and vice versa (Ahmed, 2010). 

Meyer and Witt (1990), in their research on API gravity, noted that: 

 The API gravity of the conventional crude oil is higher than 20 degrees. 

 The API gravity of heavy oil is said to be between 10 to 20 degrees 

 The API gravity of extra heavy oil is less than 10 degrees. 

The API gravity less than 10 degrees will have a specific gravity greater than one which is higher 

than that of the water. At this point, the heavy oil will not float but will sink into the water in the 
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reservoir (Gordon, 2012). According to Gordon (2012), the API gravity for heavy oil is below 22 

degrees which is different from the initial report from Meyer & Witt (1990). 

2.1.1 Origin of Heavy Crude Oil 

Geologically, crude oil originated from the solar energy synthesized by living organisms millions 

of years ago (Hubert, 1956). Hubert’s descriptions on the origin of crude oil can be summarized 

as: (1) the burial of past living organisms in sedimentary rock; (2) hydrocarbon transformation; 

(3) migration; (4) oil and Gas accumulation; and (5) sedimentary reservoir rocks (flow in porous 

media). The geological approach on the origination of crude oil has long been accepted by 

geologists as they believed that crude oil was formed millions of years ago by organic organisms 

living in different places in the earth’s crust, particularly rivers, oceans, and lakes as described by 

Hubert (1956). Hubert also added that the continuous burial of organic matter before they decay 

with the sediments on top of them is the origination point of hydrocarbon. It can be said that 

crude oil was formed from hydrocarbons synthesized by living organisms in addition to those 

formed by thermal alteration of organic matter in sedimentary rocks (Bluemle & Manz, n.d.). 

After the formation of hydrocarbon in the source rock, there will be an upward movement of the 

reservoir fluids through the water and other subsurface materials. This upward movement is 

possible due to the low density of the crude oil and gas (Hubert, 1956). Additionally, the upward 

movement will continue until the point where there is a “trap” to hold the hydrocarbon in place.  

At the present, the hydrocarbon tends to settle in sedimentary reservoir rock which is a porous 

media that can allow fluids to move freely in them. Most of these hydrocarbon fluids are located 

in sedimentary rocks which include sandstone and limestone; although some smaller fluids have 

been identified in igneous or metamorphic rocks (Hubert, 1956). 
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Heavy crude oil is caused by the eating up of the lighter part of the crude oil and leaving the 

heavier component in place which is the process called biodegradation (Huc, 2011). 

Biodegradation can be simply defined as the transformation of a substance into new compound 

through the actions of micro-organisms (USGS, 2007). The majority of heavy oil known resulted 

from microbial alteration (biodegradation) of crude oil in the reservoir (Head, Jones, & Larter, 

2003). Transformation of heavy oil is shown in the figure 1.1 for more details. 

 

Figure 1.1: Hydrocarbon Transformation (Gordon, 2012) 
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2.1.2 Heavy Crude Oil Composition 

Crude oil in general consists of many compositions including Stearic acid and Naphthoic acid 

which were identified by previous researchers (Becker, 1997). According to the produced water 

from Norwegian North Sea platforms, carboxylic acids seem to have the highest concentration of 

organic components (Reed & Johnsen, 1996). Alberta oil is also said to contain a great deal of 

the carboxylic acids, which are also referred to as cycloaliphatic carboxylic acid (Birkholz, 

2012). Apart from the listed components of the North Sea platforms, Reed and Johnsen (1996) 

also included major components of crude oil (termed ‘dissolved components’) in produced water 

which fatty acids (carboxylic acids) have the highest concentration (see table 2.1). 

Table 2.1: Dissolved Component in Produced Water (Reed & Johnson, 1996) 

 

2.2 Heavy Crude Oil Recovery 

Heavy crude oil recovery had been very troublesome to the oil and gas industry as it requires a 

great deal of energy to get the crude to the surface. Over the last several years, however, there 

has been positive news from researchers around the world on how to solve this problem using 

Enhanced Oil Recovery (EOR). EOR is the process by which liquid hydrocarbon in situ can be 

produced when we cannot produce any more liquid by primary or secondary recovery methods 
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(Jahn, Cook, & Graham, 2003). Jahn, Cook, and Graham (2003) outlined the three categories of 

EOR techniques, which include thermal techniques, chemical techniques, and miscible 

processes.  

2.2.1 Thermal Technique 

Thermal technique is the term used for crude oil recovery by using the injection of steam into the 

reservoir thereby reducing the viscosity of crude oil allowing for a free flow of fluid 

(hydrocarbon) to the surface. Steam Assisted Gravity Drainage (SAGD) is one of the method 

used for the steam injection and is said to be one of the most effective thermal technique used for 

the Canadian bitumen production due to its high recovery in crude oil (Sawatzky, 2004). 

According to Cenovus Energy Inc., SAGD as shown in figure 2.2 was first recognized in Alberta 

in 1996 and the full operation began in 2001. 

 

Figure 2.2: Steam Assisted Gravity Drainage Process (Cenovus Energy Inc. n.d) 
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2.2.2 Chemical Technique 

Previous researchers (e.g., Wen-Zhang, 1994) have recorded that the discovery of the thermal 

method has helped to recover crude oil in China, although it can only be applied in certain 

reservoir types for compatibility. Before using a chemical EOR, one has to consider the reservoir 

condition and the fluid properties for compatibility with the chemical needed to be injected (Luo, 

n.d). Further research developed another method termed ‘chemical injection’ which recovers a 

higher rate of crude oil than the thermal method; however, this has not been commonly used due 

to the high cost of these chemicals termed surfactants. See Figure 2.3 for details. 

 

Figure 2.3: Surfactant Flooding (PEERI, 2011) 

2.2.3 Miscible Processes 

This part of EOR is made possible by injection of gases that is miscible with crude oil (Romero-

Zerón, 2012). Some of these miscible gases were mentioned: liquefied petroleum gases (LPG), 

carbon dioxide, high pressure methane, and high pressure nitrogen. Additionally, Romero-Zerón 
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(2012) also included that these mentioned gases have the ability to increase the swelling of the 

oil thereby increasing its volume for production and also decreasing the viscosity of the crude oil 

for ease of flow. More details are shown in figure 2.4. 

 

Figure 2.4: Miscible Process EOR (M.E.T.T.S Pty. Ltd., 2011) 

2.3 EOR (Alkaline Flooding)  

As discussed briefly in chapter 1, alkaline flooding is an enhanced oil recovery technique used to 

recover hydrocarbon liquid by injecting an alkaline base such as sodium hydroxide into the crude 

oil reservoir (Schlumberger, 2013). Additionally, alkaline chemicals react with crude oil, 

forming surfactant in situ which reduces the interfacial tension between crude oil and water 

(brine) thereby increasing the production of hydrocarbon liquid. The alkaline flooding lowers the 

interfacial tension, wettability change, and emulsification of oil (Meyers, 2001). 

2.3.1 Interfacial Tension 

Tension exerted between two immiscible fluids that may be liquid-liquid or gas-liquid is termed 

interfacial tension (Donaldson & Alam, 2008). In the case of liquid-liquid, the molecules of these 
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liquids exert some forces to attract them together. Reducing these attractive forces is then 

reduces the interfacial tension which will help in achievement of better sweep record. 

2.3.2 Wettability Change 

According to Donaldson and Alam (2008), wettability can be said to be the glue between two 

liquids on a surface.  In this case, the surface is the reservoir rocks and the two liquids can be 

classified in four states, including the water-wet system, fractionally wet, mixed wet, and oil-wet. 

In this research, we will consider the effects of water-wet and oil-wet systems. The oil-wet 

surface in the reservoir leads to poor displacement of crude oil thereby leading to low or no 

recovery of the crude whereas the water-wet surface leads to high displacement which will 

enhance the recovery of crude oil (Slider, 1983). See figure 2.5 for more details. 

 

Figure 2.5: Wettability Effect of Surfactants (Ayirala & Rao, 2004) 

 

2.3.3 Emulsification of Oil 

Emulsion occurs when a liquid is dispersed into another and can be so troublesome to the income 

generation for oil industries due to the number of processes it has to undergo for separation 
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(Kokal & Aramco, 2002). Additionally, emulsion can then be classified in three different forms 

that include water-in-oil, oil-in-water, and multiple/complex emulsions.  
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CHAPTER 3: REACTIONS OF CARBOXYLIC ACIDS WITH BASES 

3.1 Reaction of NaOH with Carboxylic Acids 

Let us consider the chemical reaction below to see why this reduction in interfacial tension will 

be possible in situ. Reaction between NaOH and carboxylic acids will form Salts of carboxylic 

acids (soap) and water (Morrison & Boyd, 1978). This can be written as shown: RCOO
-
Na

+
 + 

H2O 

RCOOH + NaOH  RCOO
-
Na

+
 + H2O                                    [3.1]  

RCOOH is the carboxylic acid and R depends on the number of carbon atoms we have. The 

reaction of carboxylic acid was also shown by Morrison & Boyd (1978) where Lauric acid reacts 

with NaOH to form Sodium Laurate. 

CH3(CH2)10COOH + NaOH   CH3(CH2)10COO
-
Na

+
 + H2O                                          [3.2]  

Using the above procedure, we can get the reaction between NaOH and stearic acid to form 

Sodium Stearate and water. 

 CH3(CH2)16COOH + NaOH  CH3(CH2)16COO
-
Na

+
 + H2O                              [3.3] 

 

Carboxylic acid group are mostly located in the heavy end fraction of crude oil. Results have 

shown that phenols and carboxylic acids are the major portion of the acidic specie in heavy crude 

oil (Fathi, Austad, Strand, & Puntervold, 2010). Moreover, Head, Jones, & Larter (2003) 

recorded that heavy crude oil contains carboxylic acids. 

3.2 TBAOH with Carboxylic Acids 

TBAOH was selected amongst other organic bases due to its previous observations and 

applications (see chapter 1 and section 3.3). TBAOH reacts with fatty acids (carboxylic acids); 

for example, the ones with C12 (lauric acid), C14 (myristic acid), C18 (stearic acid), C22 (behenic 
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acid), and C24 (lignoceric acid) to form tetrabutylammonium alkyl carboxylate, which is a form 

of surfactant (Zana, Schmidt, & Talmon, 2005). Stearic acid was recorded by Becker (1997) as 

one of the main carboxylic acid contained in crude oil. Reaction of the carboxylic acids with 

tetrabutylammonium hydroxide gives the result of tetrabutylammonium alkyl carboxylate as also 

recorded by Zana et al. (2005). This alkyl carboxylate was concluded to be a surfactant. Section 

3.3 has some details concerning the previous applications of TBAOH which gives another reason 

to try out the effect it may have on IFT. 

3.3 Tetrabutylammonium hydroxide Applications 

This organic base is considered in previous studies as: 

 Phase transfer catalyst 

 Swelling agent 

 Dispersing agent 

 Surfactant 

 Formation of foam 

3.3.1 Phase Transfer Catalyst 

TBAOH can be used as a phase transfer catalyst and it is one of the commonly used phase 

transfer catalyst (Starks, Liotta, & Halpern, 1994). Phase transfer catalyst is said to be a chemical 

technique that is used to speed up a chemical reaction between two liquids (Carey & Sundberg, 

2007). For the phase transfer catalyst to be successful, a condition have to be met which is if it 

transfers enough of the anion from the aqueous phase to the organic phase in order for the 

reaction to be accomplished in a good time frame as discussed by Starks, Liotta, & Halpern, 

(1994). 
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3.3.2 Swelling Agent 

TBAOH is also considered to be a swelling agent (Thenganpallil, 1991). Swelling agent helps to 

reduce the viscosity of heavy crude oil by swelling the oil phase (Ramirez, 1987). An example of 

a tested swelling agent is carbon dioxide, which is used for EOR of crude oil as described by 

Ramirez (1987). Romero-Zerón (2012) also added that the purpose of the injection fluids in the 

reservoir for recovery sometimes includes the swelling of the crude oil. If carbon hydroxide 

increases the swelling phase of crude oil, then TBAOH should be able to do same in the reservoir 

by reducing the viscosity of crude oil which will help in better displacement of the oil.  

3.3.3 Dispersing Agent 

TBAOH has been identified as a dispersing agent that has been used successfully to disperse 

fatty acids instead of using sodium hydroxide (Fameau, et al., 2011). Dispersing agents are 

compounds that reduce the bond between liquids (hydrocarbon liquid) and also break them into 

smaller droplets allowing them to be swept easily according to Emergency Management (2011). 

3.3.4 Surfactant 

Not only does TBAOH react with carboxylic acids to form a salt that is a form of surfactant, it is 

also considered as a surfactant by itself (Monopoli, et al., 2010). Although TBAOH is considered 

to be under the quaternary ammonium group, according to the example given by Speel and poats 

(1964), sodium lauryl sulfate has its hydrophobic end to be negatively charged. Surfactants are 

said to serve as detergents, wetting agents, emulsifiers, dispersants, and foaming agents 

according to Fink (2012). 
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3.3.5 Formation of Foam 

TBAOH was also identified to foam when reacts with a long chain of fatty acids (Fameau, 

Ventureira, Novales, & Douliez, 2012). If this is going to foam, then there is a better chance that 

it will reduce interfacial tension. It is true that this can form a foaming soap; however, it does not 

mean that it will be more effective than the foamless soaps, as the foamless soaps are said to be 

as effective as those that are foaming by Speel and Poats (1964). This may be seen as a clear 

indication that TBAOH can be a cleansing agent.  
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CHAPTER 4: EOR PREPARATION AND EXPERIMENT 

4.1 Crude Oil Selection 

Doba Chad crude oil was examined and taken into consideration in the present experiment. The 

Doba Chad crude oil was selected for this experiment due to its properties which includes having 

an API value of 21.10 (Chevron, 2001). The crude oil was supplied by a client named 

ConocoPhillips, Caleb Brett Canada Limited. According to Chevron, Doba Chad crude has an 

acid number of 5.18 mg KOH/g. Section 4.1.1 was taken into consideration to test for the 

carboxylic acid in the selected crude. Because of the high acid content in the Doba Chad crude 

oil, it was selected for the present experiment. Figure 4.3 is the spectrum recorded following the 

procedure in section 4.1.1. 

Doba Chad crude oil is situated in upper cretaceous and lower cretaceous located at about 1000m 

to 3000m and 3000m to 3400m depth respectively as recorded by United Hydrocarbon (2013). 

The Basin is shown in figure 4.1 containing the central African rift basins. 

 

Figure 4.1: Central African Rift Basins (United Hydrocarbons, 2013) 
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4.1.1 Acid Content Determination 

Acid content determination was performed to prove the existence of carboxylic acids in Doba 

Chad crude oil, as it is required to react with TBAOH. Previous researchers of heavy oil (e.g. 

Reed & Johnsen, 1996; Becker, 1997; Birkholz, 2012) agreed that heavy crude oil contains 

carboxylic acids (as shown in table 2.1). The equipment used to determine the unknown acids is 

called Fourier Transform Infrared (FT-IR) Spectrometer (Thermo Nicolet Corporation, 2001). 

After following FT-IR manual of Attenuated Total Reflection (ATR) procedure (PerkinElmer, 

n.d), it was found that Doba Chad crude oil contain carboxylic acids. Although carboxylic acid is 

not the only acid component in crude oil, it is the acid of interest in the present study. 

The principle of ATR functions by measuring the changes that occur internally when the beam 

comes in contact with the sample (for example: crude oil) as noted by PerkinElmer Life and 

Analytical Sciences. For the measurement to be actualised there must be a good contact between 

the sample being examined and the crystal surface. Figure 4.2 is the example of ATR System. 

 

Figure 4.2: ATR System for FT-IR (PerkinElmer, n.d) 

Consider the figure 4.3 that shows the spectrum of Doba Chad crude oil performed in the 

Chemical Engineering laboratory to show the existence of carboxylic acid in the Doba Chad 

crude oil used for the present study. 
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Figure 4.3: Doba Chad Crude Spectrum 

Table 4.1 shows the values recorded by Stuart, 2004 for the interpretation of FT-IR Spectrum in 

figure 4.3. 

Table 4.1: FT-IR Interpretation Table 

Wavelength (    ) Meaning 

3300 – 2500 O-H stretching 

1700 C=O stretching 

1430 C-O-H in-plane bending 

1240 C=O stretching 

930 C-O-H out-of-plane bending 

 

Observations: According to the table 4.1 from Stuart (2004), observations from figure 4.3 have 

been made that crude oil contains certain amount of carboxylic acids. Crude oils from three 

different reservoirs were examined using the FT-IR Spectrometer and the results above were 
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obtained. Between 2500 and 3300    , there was a stretch which is termed ‘O-H stretching’ 

which shows the existence of carboxylic acid. Additionally, between 1400 and 1500    , there 

is another stretch that falls on the C-O-H in-plane bending. These interpretations confirm the 

existence of carboxylic acid in the crude oil. 

4.1.2 Crude Oil and Brine Density Determination 

The density for the crude oil used was performed at different temperatures as the spinning drop 

tensiometer requires the light phase density for an accurate result (see chapter 5 for results). This 

is where pycnometer comes into play which is used to measure the density of a liquid 

(Williamson & Peck, 2009). This method was embraced due to the small amount of liquid 

sample needed to perform this experiment compared to the hydrometer which requires a larger 

amount of liquid. It is advisable to leave the pycnometer in the water bath for about twenty 

minutes in order to obtain temperature equilibrium from the test liquid contained in the 

pycnometer (ASTM, 1960). This procedure was described under ASTM D1429-56T. 

Additionally, ASTM 1480-81 for petroleum products and lubricants also illustrated how the 

pycnometer can be calibrated and used for density measurements (ASTM, 1986). 

4.2 Brine  

Brine was prepared by adding 24.5g of NaCl, 15g of CaCl2, and 10g of MgCl2 to 400g of water. 

The accuracy for the measuring device used is 0.1g. Concentration of Na
+
 is higher according to 

the North-Sea formation brine that was imitated. This concentration was prepared by taking into 

consideration the main components of the sea water deemed chloride dominated. According to 

the Concise Oxford dictionary, the term ‘dominate’ can be said to be something that is more 

important or that has taken control amongst others (Sykes, 1982). The listed quantity of water 
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will be used for each experiment due to the amount of times the spinning drop will be cleaned or 

flushed with brine to eliminate air bubbles. 

Table 4.2: Physical Characteristics of Salts 

Salt Names Sodium Chloride Magnesium Chloride Calcium Chloride 

Formula NaCl MgCl2 CaCl2 

Purity (%) 99.5 98 93 

Molecular Weight 58.44 95.21 110.98 

 

4.2.1 Brine Salinity 

It has also been shown that injecting low salinity water could increase the recovery of crude oil 

from about 10% to 40% as in the case of BP North Sea reservoir (McGuire, et al., 2005). They 

also included that the increase in pH of the brine in the reservoir will have effects on the 

recovery of the crude oil that includes generation of surfactants, changes in wettability, and 

reduction in IFT. Additionally, sea water was determined to be about 250,000 ppm (Amiard & 

Harrison, 1989). Later research also recorded that North Sea formation water salinity is about 

201,000 ppm with a reservoir temperature of 130℃ (RezaeiDoust, Puntervold, & Austad, 2010). 

As these brine formations are different and have different rock properties, this research aims to 

form a synthetic brine of average reservoir concentration. Saithala, Mahajanam, Ubhi, and 

Atkinson (2012) recorded the production-brine concentration to be 53,704mg/l. Salinity 

concentration of the synthetic brine used for this experiment is 110,000 ppm, this is because the 

salinity of the reservoir is different from the ones listed above. Currently, there is no formation 

water information provided for Doba Chad crude oil. 



    

 

22 
 

4.3 Brine and Salt 

The brine was prepared according to the information provided in section 4.2. TBAOH was 

purchased at Sigma Aldrich in Canada having 40% weight in water. 

 

Table 4.3: Physical Characteristic of Tetrabutylammonium hydroxide 

Formula Purity Density Molecular Weight (g/mol) 

C16H37NO 40% 0.99g/ml @ 25℃ 259.47 

 

Table 4.4: TBAOH concentrations 

No. % wt of salts and TBAOH 

components 

ppm of brine and 40% wt 

TBAOH 

1 11% salts 110,000 

2 11% salts + 0.1 % TBAOH 110,000; 1,000 

3 11% salts + 0.2 % TBAOH 110,000; 2,000 

4 11% salts + 0.3 % TBAOH 110,000; 3,000 

5 11% salts + 0.4 % TBAOH 110,000; 4,000 

6 11% salts + 0.6 % TBAOH 110,000; 6,000 

7 11% salts + 1 % TBAOH 110,000; 10,000 

8 11% salts + 2 % TBAOH 110,000; 20,000 

 

4.4 Equipment Used 

Spinning Drop Tensiometer Site-100. The Site-100 is used to calculate the interfacial tension of  

hydrocarbon liquid (KRUSS, 2003). The diagrammatic representation of the Site-100 Spinning  

Drop Tensiometer can be seen in figure 4.4. 
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Figure 4.4: Site-100 Spinning Drop Tensiometer (from Dalhousie laboratory) 

Figure 4.5 was taken from the manufacturer’s manual to show some internal parts of this 

machine. 

 

Figure 4.5: The Measuring Cell (KRUSS Manual) 
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Other apparatus used to actualize our aim includes: 

Pycnometer: This is used to measure the density of the crude oil and the synthetic brine mixture. 

FT-IR Spectroscopy: This is used to provide the unknown component of a solution. In the case 

of crude oil, it is used to detect the acids contained in the crude oil. Additionally, it can be used 

to determine the quality of a sample and the amount of components in a sample as explained by 

Thermo Nicolet Corporation (2001). 

Thermometer: For the density to be measure at each temperature, thermometer is needed to 

measure the required temperature in the water bath before pycnometer is immersed in the water.  

G10 Gyrotory Shaker: This is used to thoroughly mix the synthetic brine or the crude oil-

toluene. 

4.4.1 Principle of Spinning Drop Tensiometer 

The spinning drop method is sometimes referred to as the rotational method. This method is used 

to set up a balance between the centrifugal force and the surface tension (Schramm, 2005). 

According to the Young-Laplace equation described by Schramm (2005), the presence of the 

pressure difference across the curved surface can be used to determine the interfacial tension. For 

example, if there is an interface between phase A and B where phase A is the light phase and 

phase B is the heavy phase, it will have a pressure    and    when the principle radii of 

curvature are R1 and R2. 

ΔP = PA - PB = Ƴ (1/R1 + 1/R2)                                                    [4.1]                  

This is then further broken down to be: ΔP = PA - PB = 2Ƴ/R                  [4.2]  

where:  
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ΔP varies with the radius R, PA > PB. This shows that the pressure exerted inside the bubble is 

greater than the pressure outside the bubble. 

Additionally, the interfacial tension can be measured with the spinning drop tensiometer using 

the principle developed by Vonnegut (Pojman, Chekanov, Masere, Volpert, Dumont, & Wilke, 

2001). Additionally, the denser liquid in the bulk phase will be rotated at a speed greater than 

5000 rads per second, then enabling the lighter phase drop to form a cylindrical shape due to 

pressure jump across the interface. This will elongate at the length L having the Diameter D (or 

radius D/2). For an accurate measurement to be recorded, the L must be at least 4 times the size 

of the D (KRUSS, 2003). Vonnegut’s equation can be used to calculate the interfacial tension if 

the radius and length of the lighter phase is known including their densities (Pojman et al., 2001).  

IFT = (Δρ ω
2
R

3
)/4                      [4.3] 

Where: 

ω = angular velocity (rads/sec) 

R= radius (m) 

Δρ = change in density (kg/m
3
) 

The increase of the centrifugal force acting on the drop will change its form to a cylindrical 

shape as shown in figure 4.6 (Viades-Trejo & Gracia-Fadrique, 2007). 
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Figure 4.6: Centrifugal Force on Crude Oil Drops 

4.5 Spinning Drop Experiment 

This section contains the main details of this research. It covers the steps taken to achieve the 

attached results in Appendix A. These steps are as follows: (1) Turn on the CPU of the computer 

containing the DSA2 software; (2) Locate the thermostat and control unit to switch them on; (3) 

Set the desired temperature on the thermostat and start up the DSA2 software. It is advisable to 

wait until the desired temperature is reached on the thermostat before carrying out experiment; 

(4) Calibrate the machine and determine the image scale by inserting the provided reference wire 

with a diameter of 0.696 into the capillary tube. Click on calibrate when the image is focused; (5) 

The densities calculated (see sections 4.1.2 & 4.2.1) can then be entered on the measuring 

window of the DSA2 software with the phase name; (6) Fill the  capillary tube with brine using 

the provided syringe and a needle. There will be errors in results if air bubble is entrapped in the 

capillary. Air bubble can be eliminated by injecting more brine from the injection septum and 

withdrawing it from the opposite septum; (7) Oil drop may follow by first suction of oil with the 

string and needle and dispense a drop into the capillary containing brine. At this point, it is 

necessary to keep the motor rotating at least 1,000 rpm; (8) Increase the rate of rotation by 1,000 
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rpm until the dispensed fluid is at least four times its diameter; (9) For each dispensed drop, 

measure the IFT with respect to time until there is no change observed; and (10) To ensure an 

accurate result, it is advisable to take about two to three measurements on each drop. 

 

  



    

 

28 
 

CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Densities of Heavy Phase and Light Phase 

Table 5.1 and 5.2 are the density values determined using pycnometer. This shows that the 

higher the temperature of a liquid, the lower its density becomes. Figure 5.1 and figure 5.2 can 

be studied for more details. 

Table 5.1: Doba Chad crude oil diluted with 20% of Toluene by mass 

Temperature (
o
C) Density (g/ml) 

40 0.8746 

50 0.8720 

60 0.8696 

70 0.8673 

80 0.8649 

90 0.8626 

 

Table 5.2: Synthetic Brine Density 

Temperature (
o
C) Density (g/ml) 

40 1.0466 

50 1.0450 

60 1.0431 

70 1.0404 

80 1.0382 

90 1.0361 
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Figure 5.1: Doba Chad crude oil Density 

 

 

Figure 5.2: Synthetic Brine Density   
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5.2 Interfacial Tension Results 

IFTs were recorded using the site-100 Spinning Drop Tensiometer (see figures 5.3 and 5.4); the 

sources for these figures are located in appendix A and appendix B. There are two cameras 

available for the site-100 spinning drop tensiometer that includes 2.5 lens fold and 5.0 lens fold. 

The 2.5 lens was chosen due to the ease of using this to achieve our aim because it was said to be 

suitable for all measurements, but less accurate for small diameters. The decision for using this is 

due to the initial difficulties encountered while using the 5.0 lens as the image appears too large 

for this measurement. This was also noted in the KRUSS manual as being a possible concern, 

although the 5.0 lens is considered to be generally more accurate for smaller diameters (which 

are for lower interfacial tensions). 

5.3 TBAOH Flooding 

The lowest average interfacial tension for TBAOH was determined to be 3.07mN/m at 0.4% (see 

figure 5.4 for the average IFT variation of several runs at 60
o
C). To ensure accuracy, each of the 

tests was done four times. Conclusion is drawn that TBAOH can be used to recover crude oil as 

the lowering of IFT was observed but recommended for more studies to be carried on. According 

to figure 5.4, the error bars decreases as we increase the concentration of the TBAOH in the 

system; however, there was a slight increase in the error bar at 1% of TBAOH. 
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Figure 5.3: Interfacial tension variation of several runs of TBAOH brine-oil system 60
o
C. 

 

 

Figure 5.4: Average Interfacial tension variation of several runs of TBAOH brine-oil 

system 60
o
C.  
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5.4 Interpretation of IFT 

At 0.4 % of TBAOH, the interfacial tension will begin to increase back to its original point. Le 

Chatelier’s principle can be used to describe the observed IFT by using the equation 5.1 (Fox & 

Whitesell, 2004) 

A + B ↔ C               [5.1] 

This shows that when A is added to B, it will give a result of C. However, at some point, there 

will be no more A to react with B; at this point, B has used all that is needed to produce C. Then 

the reaction will reverse to produce A. This is what happened during the experiment, as TBAOH 

is used to lower the interfacial tension by reacting it with the carboxylic acid contained in the oil. 

There will be a time, however, when the carboxylic acid is not enough to react with the amount 

of TBAOH injected. At this point, the interfacial tension will increase. 

5.5 Observations 

 TBAOH was injected up to 6% to report its reaction in higher concentrations. Unexpectedly, the 

dispersing of crude oil and the breakdown of crude oil into small droplets in the brine solution 

was observed. This process was repeated three times for consistency. Therefore, TBAOH can be 

considered to be a dispersing agent at some concentration in a solution containing crude oil as 

also recorded by Fameau et al. (2011) and Emergency Management (2011). Due to the limited 

time provided for this research and the amount of people needed to use the laboratory, the IFTs 

were run only four times for each TBAOH concentration.         

When TBAOH was added to the brine, precipitates were observed after some time. It can then be 

concluded that Calcium Chloride contained in the brine mixture will react with the brine to form 

Calcium hydroxide precipitate (Neal & Stanger, 1984). Moreover, previous researcher (e.g. 
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Donaldson & Alam, 2008) has recorded the chemical representative of precipitation reaction 

showing how the injected alkaline reacts with the calcium and magnesium contained in the brine 

to form Ca(OH)2  and Mg(OH)2 precipitates (e.g. equations 6.1 and 6.2).  

When the alkaline reacts with the brine salts to form precipitate, some of the alkaline needed to 

form a better surfactant can be used up. This then concludes that the effect of surfactant 

formation in situ will also depend on the type of formation brine of the reservoir. 

     Ca
+
 + 2OH

-
 ↔ Ca(OH)2                         [6.1] 

     Mg
+ 

+ 2OH
-
 ↔ Mg(OH)2                  [6.2] 

5.6 Challenges Encountered 

Three difficulties arose while performing the experiments. These difficulties include: 

1. The initial 10% toluene used for dilution was not good enough as it was still hard to go 

into the syringe through the provided needle. If in any case it is forced in, at some point, 

it will be stuck to the capillary instead of rotating. Therefore, an additional 10% of 

toluene was added to enable this research to be accomplished.  

2. Air bubbles coming into the capillary tube which has an effect on the IFT measurements. 

The flushing of the capillary tube with brine has to be done several times to eliminate 

these air bubbles. 

3. The size of the oil drop also posed a concern as it was difficult to inject the correct 

amount of oil into the brine. After few days of practice, however, it became easier to 

inject the appropriate amount of oil into the brine phase.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 EOR Summary 

Having discussed the effect of TBAOH flooding in the recovery of crude oil, it was found that 

one can effectively use TBAOH to reduce the IFT of brine-oil; although, the decrease in 

interfacial tension was not much. According to figure 4.3, the crude oil used was successfully 

examined and recorded to contain carboxylic acid. The densities of the crude oil and synthetic 

brine were recorded as shown in table 5.1 and 5.2.  

6.2 Conclusions 

As the TBAOH concentration increases, the IFT decreases, although there was a reverse in the 

action due to the earlier discussion in equation 5.1. Note that the allowable time before the 

readings were taken is between three to five minutes to allow for the stabilization of the IFT. The 

lowest average interfacial tension for TBAOH is 3.07mN/m at 0.4%. According to table 4.4, one 

can say that 4,000 ppm is the critical IFT needed to produce the highest amount of crude when 

using TBAOH. Emulsifiers, dispersants, and foaming agents were mentioned in section 3.3.4 as 

some of the applications of surfactants. It is then concluded that TBAOH has similar applications 

as dispersing of crude oil and emulsification were observed in addition to foaming on stirring. 

6.3 Recommendations 

Note that the optimum alkaline concentration needed for each flooding to form a better surfactant 

depends on the formation brine and the composition of the oil as we need longer chain of 

carboxylic acids to form an effective surfactant. It will also be interesting to know the effect of 

crude oil from another reservoir and composition on IFT using TBAOH.  
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In the present research, condensate was examined and noted to be able to dilute heavy crude oil. 

Future research should study the IFT of TBAOH using diluted crude oil with condensate to 

compare with the result of the diluted crude oil with toluene. Additionally, salinity concentration 

of different reservoir brine should be examined to report the better reservoir brine condition 

necessary for TBAOH flooding. Finally, the effect of residence time of the TBAOH in the 

capillary tube on IFT should be explored in future research. 
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APPENDICES 

Appendix A 

All experiments were conducted under 60
o
C with bulk density of 1.0382g/ml and oil density 

of 0.8696g/ml at 7000rpm. The accuracy is ±0.5%.  

IFT for 0% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.43 12.70 

2nd 1038.2 869.6 733.04 1.38 10.90 

3rd 1038.2 869.6 733.04 1.38 11.00 

4th 1038.2 869.6 733.04 1.34 9.15 

 

IFT for 0.1% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.25 8.37 

2nd 1038.2 869.6 733.04 1.30 7.37 

3rd 1038.2 869.6 733.04 1.30 7.97 

4th 1038.2 869.6 733.04 1.29 7.33 

 

 

IFT for 0.2% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.22 5.17 

2nd 1038.2 869.6 733.04 1.22 5.20 

3rd 1038.2 869.6 733.04 1.21 5.16 
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4th 1038.2 869.6 733.04 1.22 5.18 

 

IFT for 0.3% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.13 2.56 

2nd 1038.2 869.6 733.04 1.12 3.51 

3rd 1038.2 869.6 733.04 1.12 3.50 

4th 1038.2 869.6 733.04 1.12 3.51 

 

IFT for 0.4% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 0.94 2.99 

2nd 1038.2 869.6 733.04 0.96 3.10 

3rd 1038.2 869.6 733.04 0.97 3.22 

4th 1038.2 869.6 733.04 0.94 2.98 

 

IFT for 0.6% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.07 3.40 

2nd 1038.2 869.6 733.04 1.08 3.43 

3rd 1038.2 869.6 733.04 1.07 3.39 

4th 1038.2 869.6 733.04 1.09 3.43 
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IFT for 1% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.23 5.74 

2nd 1038.2 869.6 733.04 1.21 4.96 

3rd 1038.2 869.6 733.04 1.21 4.98 

4th 1038.2 869.6 733.04 1.22 5.10 

 

IFT for 2% of TBAOH 

Runs Bulk 

Density 

Oil 

Density 

ω Drop 

Diameter 

IFT 

 kg/m
3
 kg/m

3
 rad/s mm mN/m 

1st 1038.2 869.6 733.04 1.23 5.37 

2nd 1038.2 869.6 733.04 1.23 5.37 

3rd 1038.2 869.6 733.04 1.23 5.38 

4th 1038.2 869.6 733.04 1.24 5.37 
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Appendix B 

According to Appendix A, the average values were used to get the final data as tabulated below. 

Average IFT of TBAOH 

Concentration (%) IFT (mN/m) 

0 10.94 

0.1 7.76 

0.2 5.18 

0.3 3.52 

0.4 3.07 

0.6 3.41 

1.0 5.20 

2.0 5.37 

 

 


